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1.0.0. INTRODUCTION. 
Boob's Law (from Murphy's Law): 
"You always find something the last 
place you look." (Bloch, 1980). 
Exploration geochemistry is an indirect method of detecting mineral 
deposits by measuring the abundance and distribution of ore elements and 
elements closely associated with ore in natural materials at or near the 
earth's surface. The method relies on the assumption that a mineral 
deposit is reflected by unusual element abundances or distribution patterns 
(geochemical halos), and that these indications of mineralization can be 
detected by geochemical surveys involving the collection and analysis 
of natural materials. 
The interpretation of geochemical surveys in mineral exploration 
involves: 
1) The use of geological and statistical inference, based on a 
knowledge of the normal behaviour and distribution of indicator elements 
in the exploration area, to recognize apparent geochemical anomalies in 
field and analytical data and to predict the type of geochemical halo 
reflected by the anomalies. 
11) The use of geological inference, based on a knowledge of the 
characteristics of geochemical halos and their relationship to mineral 
deposits, to predict the presence and probable location of an ore body. 
The interpretation process is, however, complicated by the absence 
of a simple universal formula that relates the abundance and distribution 
of elements in natural materials to the presence or absence of a mineral 
deposit. The interpretation of a geochemical survey must, thus, be based 
on an empirical approach which avaluates each survey as an individual 
problem. 
The objective of this dissertation is to illustrate the factors 
affecting the "nuts and bolts" approach to the interpretation of geochemical 
surveys in mineral exploration. The discussion is aimed at providing 
field geologists responsible -for the planning and execution of geochemical 
surveys with some basic guidelines for interpreting the surveys. I hope 
that the contents of this dissertation will help field geologists to 
"look in the last place first". 
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2.0.0. GEOLOGICAL FACTORS. 
Grossman's misquote of H.L. Mencken: 
"Complex problems have simple, easy to 
understand, wrong answers." (Bloch, 1980) 
2.1.0. The Distribution of Elements in the Lithosphere. 
2.1.1. The primary geochemical environment. 
The earth's crust consists of three geospheres with different 
compositional and physical characteristics viz. the lithosphere, 
hydrosphere and atmosphere (Beus and Grigorian, 1977). The lithosphere 
consists of magmatic, metamorphic and sedimentary rocks and is the main 
object of study in the search for mineral deposits. Exploration is 
largely cqnfined to the near surface portion of the continental litho-
spere which can be divided into two environments for the purposes of 
geochemical exploration viz. the surficial environment (discussed in 
section 3.0.0.) and the primary geochemical environment. 
The primary environment, as used in this dissertation, refers 
to the bedrock below the level of weathering and excludes unconsolidated 
surficial overburden (e.g. recent glacial till, alluvial sediments etc.). 
Primary dispersion patterns refer to the geochemical characteristics of 
unweathered rocks including the geochemical halos related to mineral 
deposits. The processes responsible for primary dispersion patterns 
include the processes of magmatism, hydrothermal activity and meta-
morphism as well as the shallow processes of volcanism, sedimentation 
and diagenesis. Geochemical patterns in sedimentary rocks formed by 
surficial processes are, thus, included in the definition of primary 
dispersion patterns as proposed by James (1967). 
2.1.2. The abundance of elements in the lithosphere. 
The understanding and interpretation of geochemical dispersion 
in geological environments requires a basic classification of elements 
according to their crustal abundances. Vernadskii (in Beus and 
Grigorian, 1977) classified the elements into categories based on a 
10-fold symmetry of their abundance in continental lithosphere (Table 2.1.). 
The elements in the "decades" can be divided into major (or rock-forming) 
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elements (>1%), minor elements (0,1% - 1%) and trace elements «0,1%). 
The decades emphasize the relatively small average amounts of most of 
the important ore-forming elements which occur in the major grouping of 
39 'elements having crustal abundances of 1 p.p.m . to 100 p.p.m. 
Table 2. 1 . Distribution or the average conientsofS2 elements in the conlinenlallithosphere based on 
. Vernadskii's "decades", After Beus and Grigarian (1977). 
Average 
COlilent Number 
in decade or 
Decade (in weight '!tI) . clements Element 
>10 1 O,Si 
II 1{)ll : 101 6 AI. Fe, Ca, Mg, Na, K 
III 1~I-l()O 4 Ti.P.H,C 
IV lett·lO·' 9 Mn, S, F, Ba, Sr, V,Cr,Zr,Cl 
V 100 ~ _IO' z 14 Ni. Rb, ln, Cu, Co, Ceo Y, la, Nd. Sc, N. ti. Ga, Nb 
VI Ht~ • lO·a lS Pb. B. Th. Sm, Gd. Pro Dy, Er, Vb. Hr. Sr. Cs. Sn. As, Be, 
Ar, U. Ge, Mo, Ho, He, Eu . Tb, W, Ia 
VII 100'-lo-~ 8 Lu. n. I. In. Sb, Tm, Gd, Se 
VIII Hi' _ 10'5 S Ag, Hg, Bi. Nc, PI 
IX 10-1 • 10-' 4 Pd, Te, Au, Os 
X 10-'· 10-) 3 Re.lr, Kr 
XI Io-'-IO' ~ X. 
XII 10-"· 10" Ra 
The elements are, however, inhomogeneously distributed in the 
primary environment. Rocks of the lithosphere which belong to the same 
specific rock type are, as a rule, characterized by a very similar compo-
sition of their major components, but the content of trace elements in 
each rock type is likely to vary appreciably. 
Published tables of the "average" contents of major, minor and 
trace elements in various rock types (e.g. Beus and Grigorian, 1977, 
pp 7 to 10; and Levinson, 1974, pp 43) can be used as a general guide 
to expected element concentrations. The interpretation of geochemical 
surveys should, however, be based on a table giving the expected ranges 
of background concentrations of elements in the various rock types 
present in the exploration area. The tables should be compiled for 
specific regions of interest from the analysis of rock samples, from 
published information and from previous experience. They should be used 
to define diagnostic elements for various lithological units and the 
expected background concentrations of target and pathfinder elements 
being used in the exploration programme. 
The imbalanced distribution of elements in rocks is the basi s 
of geochemical exploration. 
scales: 
The variability occurs on a number of 
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a) The chemical composition, and particularly the trace element 
content, of groups of rocks may be characterized by regional geochemical 
similarities. The regional characteristics (e.g. higher than average 
contents of particular elements in all rock types) can be used to define 
geochemical provinces. 
b) Sedimentary units, plutons or volcanic horizons within a 
region may show geochemical specialization in relation to similar rock 
types in the area. The trace element content of the specialized rock 
types (e.g. an ultrabasic volcanic unit with above average nickel and 
sulphur contents) can indicate a genetic relationship of particular types 
of mineral deposits (e.g. magmatic nickel suLphide deposits). The 
geochemical specialization of particular rock types and the variation 
between different rock types affect the geochemical background values of 
an area. 
c) The normal background values of various rock types, particu-
larly the trace element contents, tend to deviate in the vicinity of 
mineral deposits. The variations are related to the genesis of the 
mineral deposits. Dispersion halos may be syngenetic and epigenetic in 
relation to the rocks surrounding the mineral deposit, depending on the 
genetic relationships between the rock units and the mineral deposit. 
d) The variations in any of the above categories may be due to 
the presence of specific minerals or to variations in the normal composi-
tion of rock forming minerals. 
The characteristics of primary geochemical dispersion patterns 
are dependent on the chemical behaviour of the elements involved and on 
the processes active in various geological environments. 
2.1.3. The chemical behaviour of the elements. 
The interpretation of the d,istribution of elements in the primary 
and secondary environments requires a scheme of grouping the elements such 
that their properties can be more easily related to their chemical behaviour. 
The periodic table, based on the intricate relationships between the elec-
tronic structures of elements is a convenient basic classification for 
geochemical purposes. A large number of chemical and physical properties 
of the elements vary periodically with atomic number (Fig. 2.1). 
Properties such as ionization energy, electron affinity, possible oxidation 
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states and atomic size can be used to predict the chemical behaviour of 
the elements and their mobility in various geological environments. 
The periodic table also groups the elements into blocks which have 
similar properties viz. the active metals, transition metals, semi-metals, 
active non-metals and inert gases. The groups of elementssimplify the 
interpretation of element behaviour in geological environments as elements 
in each group have similar chemical characteristics. 
Predictions about the geological behaviour of the elements based 
on the periodic laws are generally less successful than predictions of 
chemical behaviour. The periodic laws predict, for example, that 
molybdenum and chromium should be closely aSSOCiated, but these elements 
do not occur together in nature. Understanding the distribution of 
elements in geological environments must, thus, be based on more detailed 
studies of the behaviour of elements and the factors affecting element 
mobility in deep-seated and surficial environments. Anderson (1978) 
reviewed the behaviour of the elements Ni, Co, Cu, Pb, Zn, Au, Ag, Mo, 
Sn, Wand U in the magmatic, hydrothermal, sedimentary and weathering 
environments. The review shows the importance of considering aspects of 
crystal chemistry (e.g. crystal field theory) as well as the chemistry and 
geochemistry of elements in order to understand and predict their 
behaviour in various geological environments and during ore forming 
processes. The factors discussed by Anderson have an important bearing 
on the interpretation of geochemical surveys of all types and the reader 
is referred to Anderson's study for details of the geological behaviour 
of the elements concerned. The dissertation also serves to illustrate 
the type of information required to predict and interpret the distribu-
tion of elements in the lithosphere. 
2.1.4. Element associations and the modes of occurrence of elements in 
the lithosphere. 
The interpretation of geochemical surveys is essentially a 
process of geological inference based on the distribution and concentra-
tion of selected elements in a particular geological environment. The 
recognition of element associations is a fundamental aspect of geological 
inference. Joyce (1976) summarizes the importance of natural associa-
tions in geology as follows: 
"No element, mineral, nor rock type should ever be considered in 
isolation. The mention of any element, mineral or rock type should con-
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Table 2.2 Geochemical dassification of elements in the Earth'secus!. Afler Beusand Grigorian (J 977). 
I. Oxyphile 
a. Lithophile 
b. Siderophile 
11. Chalcophile 
III . Noble . 
IV. Hydrophile 
V. Atmophile 
Minor Trace elements «0.1%) 
M~or (> 1%) £0,1-1.0%) Mineral· forming Dispersed 
0, Si t AI, Fe, Mo. Tit P, (e) Lit Be, Bt F, Sr, Ba, Yand Ga, Ge, Rb. Hr, 
Mg, Ca , Na, K rare earlh elements. Ze, Sc, Ra. (TI) 
Nb, Ta , Sn, Cs. W. Th . U 
Fe V, Cr, Co, Ni 
(0) 
(0) 
H 
C 
S, Cu, Zn, As, Se, Mo. Ag, Cd, In, Re. n, 
Sb. Te. Hg, Pb, Bi (Ga), (Ge) 
Pd . Os,lr, Pt. Au Rh , Ru 
CI. Br. I. (5) 
J-Ie, N. Ne, AT, Xe, Rn 
Table 2.3. Summary of the implications of Goldschmidts' classification 
of the elements (modified by Beus and Grigorian, Table 2.2. ) 
1) 
1a) 
1b) 
11) 
111 ) 
1V) 
V) 
V1 ) 
Oxyphile Group : 
Lithophile Sub-group: 
Siderophile Sub-group: 
Sulphophile (Chalcophile) 
Group : 
Noble Element Group: 
Hydrophile Group: 
Atmophile Group: 
Biophile Group : 
The elements show a marked 
oxygen in the lithosphere. 
includes most of the major 
elements. 
affinity for 
The group 
and minor 
The elements commonly occur as silicates 
and form the chemical basis of crustal 
material. 
The elements tend to accumulate in 
association with iron in the litho-
sphere. 
The group includes chemical elements 
with a marked affinity for sulphur, 
which usually occur as sulphides and 
have a tendency to accumulate together 
with sulphur in sulphide deposits. 
The elements generally occur in nature 
as native metals. 
The group consists of the typical 
elements of the hydrosphere which 
mostly constitute the anionic part 
of chemical compounds in aqueous 
so lutions. 
The group includes elements of the 
atmosphere and gaseous components of 
the lithosphere. 
The principal constituents of living 
matter are 0, C and H with minor 
amounts of Cu, K, N, Mg, P, S, Cl, Na 
and Fe. The rest of the elements 
occur in trace amounts in the biosphere. 
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jure up an immediate association with other related elements, minerals, 
rocks, processes, tectonic settings, etc." 
The observed associations of the elements in nature prompted 
Goldschmidt to develop a classification of the elements on the basis 
of the stability of the compounds they form with other elements. Beus 
and Grigorian (1977) have modified Goldschmidts classification in order 
to represent the element associations commonly found in the crustal 
lithosphere, which is of most interest to exploration geochemistry 
(Table 2.2.). The classification emphasizes the marked affinity for 
oxygen of a large proportion of the chemical elements in the lithosphere. 
The implications of Goldschmidts' classification are summarized in 
Table 2.3. 
The mode of occurrence of chemical elements in rocks is a 
fundamental factorfor the understanding of element associations. Beus 
and Grigorian, (1977, summarized by Levinson, 1980, p 632) distinguish 
three modes of occurrence of elements in the lithosphere: 
a) Elements present in rocks as independent structural components 
of minerals. 
The major elements (Vernadskii's first two decades, Table 2.1.) 
occur as independent components in the stoichometric formula of minerals, 
such as silicates, and make up the bulk of the lithosphere. The minor 
elements (e.g. Ti and P) also tend to be concentrated in rocks as their 
own minerals. The mineral-forming trace elements (e.g. Se, Te, Tu, Be 
etc., in Table 2.2), are capable of forming numerous minerals, even 
though their average contents in the lithosphere are very low. The 
principal minerals formed by minor and trace elements in rocks· of the 
lithosphere are listed in Table 2.4. 
b) The isomorphous form of element occurrence. 
The mineral forming trace elements commonly occur as disseminated 
admi xtures within the crystal structures of other minerals and as trace 
mineral .inclusions in the rock foming minerals. The dispersed trace 
elements (Table 2.2) very rarely form their own minerals and tend to 
occur in the mineral structures of closely associated more abundant 
elements (e.g. Ga-Al, Rb-K). The substitution of trace elements for 
more abundant elements in the crystal lattic is dependent on similarities 
in ionic size and valency, as well as the type of chemical bond formed 
Table 2 4 Principal minerals rormed by minor and trace elements in rocks orthe lithosphere. 
• From Beus and Grigorian (1971). 
Element Granites and granodiorites 
Titanium ilmenite. sphene 
Phosphorus apatite, monazite 
Int~rmedia le 
rocks 
ilmenite 
sphene 
apatite 
Basic rocks 
ilmenite. 
titanomagne-
tite 
apatite 
Alkaline rocks Vllr.basic roco 
i1menorutile. 
sphene, 
complex 
titanium 
silicates 
apatite 
Sulrur 
Boron 
Zirconium 
sulfides oriTon. copper. lead. zinc. etc. 
lithium 
Beryllium 
Fluorine 
Chromium 
tourmaline 
zircon 
lithium micas, amblygonite. 
spodumene (in 
meta50 maticallyaltered 
granites) 
beryl. bettrandite. phenacile, 
chrysoberyl (in 
metasomaticallyaltered 
granites) 
fluorite,topaz 
Manganese secondary oxides 
Copper, zinc, sulfides 
lead. nickel 
Arsenic arsenopyrite 
Molybdenum molybdenite 
Tin 
Rare-earth 
elements 
cassiterite 
monazite, allanite. xenolime. 
rare-earth niobates 
Niobium and Columbite-tanlalite. 
tantalum pyrochlore-microlite, rare-
earth tantalo·niobates (in 
metasomaticallyaltered 
granites) 
Thorium 
Uranium 
monazite.thorite 
uranium oxides. phosphates. 
etc. 
zircon 
secondary 
oxides 
sulfides 
arsenopyrite 
chromite 
secondary 
oxides 
sulfideS 
arsenopyrite 
zircon, 
complex 
zirconium 
silicates 
villiaumite.-
fluorite 
secondary 
oxides 
sulfides 
molybdenite 
loparite, 
complex 
silicates 
laparite 
tharite 
chromite 
secondary 
oxides 
sulfides 
Table2.5 Selected elements found in small amounts in common rocle -forming 
minerals of igneous rocks, and relative stability of the minerals. 
.'vfitlt'fl.ll 
Olivine 
Amphibole 
Pyroxene 
Biotite 
Plagioclase 
Epidote 
Sphene 
Apatite 
Garnet 
Feldspar 
(potash) 
Muscovite 
Tourmaline 
Magnetite 
Zircon 
Quartz 
x % 
Ti, F 
K 
RE 
Mn. Cr 
N. 
Ti. AI. Cr 
Hf 
U.Xr.f 
Ni. Mn 
Ti. F. K, Mn, 
CI, Rb 
Ti. Na, Mn. K 
Ca, Na. Ba, 
Mn, Rb 
SI 
Mn, Ti 
RE, Nb, Sn, Sr 
Sr, RE. Mn 
Ti, RE 
·Ca, Ba, Sr 
Ti. Na, Fe, 
Ba, Rb, Li 
Ti. Li, Mn 
Mn. V 
RE. Th 
(WX'k 
Ca. AI. Cr, Ti. 
P, Co 
Zn, Cr, V. 
Sr, Ni 
Cr, V, Ni. 
CI, Sr 
CI, Zn, V, Cr. 
Li, Ni 
BiI, Rb, Ti, Mn 
Th, Sn 
Mn, Ta , V, Cr 
U, Pb 
G. 
Rb, Ti 
Cr, Mn, V, 
CS, Ga 
Cr, Ga, Sn, 
Cu, V 
().()()X '",f 
(/lid ie'ss 
Zn. V, Cu, Sc 
Ba. Cu. P, Co, 
Ga. Pb, Li, B 
P, Cu, Co. Zn. 
Li, Rb, Ba 
Cu. Sn, Sr, Co, P, 
Pb, Ga 
P, Ga, V, Zn, 
Ni. Pb, Cu, Li 
V, Nb, Zn, 
Be, U 
B. 
As, Cr, V 
Pb. Ga, V, Zn , 
Ni. Cu. Li 
Zn, Sn, CU, 
B, Nb 
Rb 
Zn. Cu, Sn, Ni Co, Pb. Mo 
Ti. Mn, P Be. U, Sn. Nb 
Fe. Mg. At. Ti, 
Na. 8, Ga. Ge. 
Mn, Zn 
Slubilil)' 
Easily 
Weathered 
Moderatcly 
Stable 
Stable 
Note: The above groupings are generalizations; (or example, only the alla nite variety of 
epidote contains abundant rare earth (RE) elements, and only some varieties of 
muscovite will have Rb and Li in the quantities indicated. 
From Levinson (1974). 
I 
'l) 
I 
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and other factors affecting crystal chemistry. The qualitative rules 
controlling the substitution of one element for another are discussed 
by Krauskopf (1979, chapter 5). 
The background trace element content of rocks is largely due to 
trace elements occurring within the common rock forming minerals ,~ -, 
(e.g. Table 2.5). Modal variations in the rocks may cause considerable 
variations in the background concentrations, which are unrelated to 
mineralization, as a result of different trace element concentrations 
in various rock forming minerals. The trace element content of specific 
mineral fractions can be used to indicate the geochemical characteristics 
of rocks. Beus and Grigorian (1977), from studies of the trace element 
distribution in the different mineral fractions of rocks, defined 
"mineral concentrators" ilnd "mineral Accumulators". Mineral concentra-
tors contain the maximum amount of a particular element in a rock, while 
mineral accumulators contain the bulk of the element in the rock. The 
distribution balance of trace elements in rock forming minerals can be 
useful during the interpretation of geochemical surveys. High concen-
trations of Ni in the olivines and pyroxenes of ultrabasic rocks, for 
example, would indicate the absence of magmatiC nickel sulphide 
mineralization in spite of apparently anomalous concentrations of nickel. 
c) Elements present in a soluble (mobile) form. 
Trace elements can also occur in gas-liquid inclusions and within 
capillary and pore solutions in rocks. The elements in gas-liquid in-
clusions in the vicinity of deposits formed by hydrothermal or aqueous 
solutions may be used to indicate the composition of the mineralizing 
solutions, temperature gradients, etc., which may influence the inter-
pretation of primary goechemical patterns. 
2.1.5. Associations of elements in mineral deposits. 
The economically important elements can be grouped into associations 
on the basis of their empirically observed tendency to occur together in 
particular ore types (e.g. Table 2.6), The groupings reflect specific 
ore forming processes and tectonic settings, rather than the global · 
generalizations of Goldschmidts classification. Tables of associated 
elements for particular regions (e.g. for Australia in Joyce, 1976,p 23) 
are useful for the selection of possible target and pathfinder elements 
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that can be used during geochemical surveys. The actual elements 
analysed during routine sampling should, however, be based on orientation 
studies of mineralization in the area of interest. 
Table 2.6. Associated elements in some mineral deposits. From Rose, 
Hawkes and Webb ((1979). 
2.1.6. 
Type of deposit Major components 
Magmatic deposits 
Chromite ores (Bush veld) Cr 
Layered magnetite (Bushveld) Fe 
Immiscible Cu-Ni·sulfide Cu, Ni, S 
(Sudbury) 
Pt-Ni-Cu in layered 
infrusion (Bushveld) 
Immiscible Fe-Ti-oxide 
(Allard Lake) 
Nb-Ta carbonatite (Oka) 
Rare-metal pegmatite 
Hydrothermal deposits 
Porphyry copper (Bingham) 
Porphyry molybdenum 
(Climax) 
Skarn· magnetite (Iron Springs) 
Skarn- Cu (Yerington) 
Skarn-Pb-Zn (Hanover) 
Skarn-W-Mo-Sn (Bishop) 
Base-metal veins 
Sn-W greisens 
So-sulfide vein 
Co-Ni-Ag vein (Cobalt) 
60EpithermalH precious metal 
Mercury 
Uranium vein 
Copper in basalt (L. Superior 
type) 
Volcanogenic. massive-sulfide 
Cu 
Volcanogenic massive-sulfide 
Zn-Cu-Pb 
Au-As-rich Fe formation 
Mississippi Valley Pb-Zn 
Mississippi" Valley fluorite 
Sandstone-type U 
Red-bed Cu 
Calcrete U 
Sedimentary types 
Copper shale (Kupferschiefer) 
Copper sandstone 
Pt, Ni, Cu 
Fe, Ti 
Nb, Ta 
Be, Li, Cs, Rb 
Cu, S 
Mo,S 
Fe 
Cu, Fe, S 
Pb, Zn, S 
W, Mo, Sn 
Pb, Zn, Cu, S 
Sn, W 
Sn, S 
Co, Ni. Ag, S 
AU,Ag . 
Hg, S 
U 
Cu 
Cu, S 
Zn, Pb, Cu, S 
Au, As, S 
Zn,Pb,S 
F 
U 
Cu, S 
U 
CU,S 
Cu, S 
Associated elements 
Ni, Fe, Mg 
V, Ti, P 
Pt, Co, As, Au 
Cr, Co, S 
P 
Na, Zr, P 
B, V, Th, rare earths 
Mo, Au, Ag, Re, As, Pb, 
Zn, K 
W, Sn, F, Cu 
Cu, Co, S 
Au, Ag 
CU,Co 
F, S, Cu, Be, Bi 
Ag, Au, As, Sb. Mn 
Cu, Mo, Bi, Li, Rb, Si, Cs, 
Re,F,B 
Cu, Pb, Zn, Ag, Sb 
As, Sb, Bi, U 
Sb, As, Hg, Te, Se, S, U 
Sb, As 
Mo, Pb, F 
Ag, As, S 
Zn, Au 
Ag, Ba, Au, As 
Sb 
Ba, F. Cd, Cu, Ni, Co, Hg 
Ba, Pb, Zn 
Se, Mo, V, Cu, Pb 
Ag, Pb 
V 
Ag, Zn, Pb, Co, Ni, Cd, Hg 
Ag, Co, Ni 
The mobility of elements in the primary environment. 
a) The geochemical migration of elements, 
Geochemical migration, as defined by Fersman, is the movement of 
atoms of the chemical elements within the Earths crust, usually resulting 
in their dispersion or concentration. Migration of the elements in the 
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primary environment takes place mainly in liquid phases such as magmas 
and hydrothermal or supercritical aqueous solutions. 
b) The mobility of elements in magmas. 
The behaviour of elements in magmas is controlled by their 
partitioning between mobile and immobile phases during magma generation 
and during crystallization, fractionation and differentiation of magmas. 
Bowen's reaction series (Fig. 2.2) can be used as an approximation of 
major and minor elements between a mobile silicate melt and an immobile 
solid phase in magmas. The early crystallizing elements (e.g. Fe, Mg, 
Cu and Ti) tend to be less mobile than elements such as Si, AI, Na and 
K which are enriched in mobile residual fractions . The extent to which 
elements, including trace elements, are partitioned between mobile and 
immobile phases is dependent on the temperature, pressure and composition 
of the melt, as well as the activities of oxygen, sulphur and other 
volatile components (e.g. HiO and CO,). The gravitational properties of 
elements and minerals are an important factor during crystallization and 
fractionation of magmas (e.g. the accumulation of platinum and chromite 
in basic magmas). The laws of crystal chemistry, which are based on a 
combination of factors including ionic size, valency, chemical bond 
types and crystal field theory, playa major role in determining the 
mobility of trace elements in magmatic environments. 
principles involved are discussed by Anderson (1978) 
The basic 
and will not be 
repeated here. The important conclusion is that certain trace elements 
(e.g. Ni, Co) will tend to be associated with early crystallizing 
minerals (e.g. olivine and pyroxene), while elements such as Li, Be, 
Nb, Tu, Sn, U, Th, I~ etc. are concentrated in the mobile residual 
fractions of magmas. The elements commonly occurring in pegmatites 
are examples of primary mobility in the magmatic environment. 
c) The mobility of elements in hydrothermal and aqueous 
solutions. 
The partitioning of elements from the residual fractions of magmas 
to mobile hydrothermal or supercritical aqueous solutions is the most 
likely source of the trace elements concentracted in paramagmatic deposits. 
The solutions migrate away from the magmatic source ang transport compo-
nents such as trace elements, sulphur, chlorine, etc. until changes in 
the solutions and the geological environment cause the precipitation of 
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Fig. 2-2. Bowen's reaction series. 
From Levinson (1974). 
Table C • 7 Selected geochemical barriers. From Beus and Crigarian (1917). 
Barrier type 
Temperature 
Decompression 
Add-alkaline 
Oxidizing-reducing 
a) Oxidizing 
b) reducing hydrogen 
sulfide 
c) reducing gley 
Sulfate and carbonate 
Adsorption 
Evaporation 
Mechanical 
Characteristics 
This is very important for migration in endogenic processes. The role of this barrier 
in exogenic processes is insignificant. 
In endogenic processes an abrupt decrease in the pressure within the system plays a 
major role in the processes ormineral formation . It is much less significant in 
exogenic processes. 
The effect of changes in the acidity-alkalinity regime ofa solution during endogeniC 
processes is sometimes a decisive faclor in the separation of many components in 
the solid phase, and in the concentration of ore substances. It is orless significance 
in exogenic processes: however. the alkaline barrier is responsible for the 
precipitation of iron, nickel, and other metals from solution when the solution 
comes inloeontaet wilh limestones al the boundary of weakly acidic soil horizons 
and deeper levels rich in carbonate materials, etc. 
In endogenic. as well as in exogenic processes, a sudden change in the oxidizing-
reducing environments in the paths of migration has a decisive effect on the 
precipilation of some metals: . 
takes place as juvenile or ground waters, low in oxygen. come into contact with 
surface waters rich in oxygen. II is very important in the precipitation of the oxides of 
iron and manganese in surface waters; 
causes precipitation of the majority of metals in the form ofsulfldes: 
causes precipitation of some anion-producing metals. such as uranium. vanadium, 
and molybdenum. 
Occurs at the initial interaction of sulfate and carbonate waters with other types of 
waters rich in calcium. strontium. and barium. Gypsum and celestine are formed . 
Typically an exogenic aeochemical barrier. It is of great imporlance in the 
precipitation of trace elements from surface and ground waters. 
Occurs in regions of rapid evaporation of ground waters. It is accompanied by 
salinization, the fonnation of gypsum. etc. 
Results from changes in the velocity of water flow (or air movement) and is 
responsible for the precipitation of heavy minerals. It plays a major role in the 
fonnation of placer deposits. 
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various minerals. Mineral and element zoning is a common feature of 
paramagmatic deposits and is dependent on differences in element mobility 
in hydrothermal solutions. Beus and Grigorian (1977) recognize two 
classes of factors affecting the primary migration of elements viz. 
internal and external factors. 
The "internal factors" affecting element migration include thermal, 
gravitational, chemical (particularly the tendency to form complexes) and 
radioactive properties of atoms. Beus and Grigorian summarize the 
effects of the chemical properties of elements on their primary mobility, 
particularly in hydrothermal and supercritical fluids, as follows: 
"The migration of elements in natural solutions may, in conformity 
with the chemical properties of the elements, occur (1) in the ionic form 
(mainly the strong bases) and also (2) in the form of complex ions binding 
the am~hoteric elements and the complex-forming agents with acidic elements 
possessing the maximum electronegativity. In this connection two major 
properties of compounds capable of migration in natural solutions can be 
specified. These compounds must be soluble and migration-stable to ' a 
certain extent i.e. they must not have any tendency to enter into chemical 
reactions in the specific physicochemical environment '." 
The external factors affecting the migration of elements in the 
primary environment include temperature, pressure and the chemical environ-
ment of migration. The factors characterize the thermodynomic environment 
of the medium in which an element migrates and in which the inherent 
properties of an element are expressed. The chemical environment in which 
an element migrates is dependent on (1) the internal changes that take 
place in natural solutions with changes in temperature and pressure and 
(2) the changes in the composition of the solution caused by reaction with 
the surrounding rocks; 
Deep-seated (endogenic) and surficial (exogenic) geochemical 
barriers, which result in abrupt changes in the physicochemical environ-
ment of element migration, cause the precipitation of certain elements 
from solution. Geochemical barriers (e.g. Table 2.7) have an important 
affect on the mobility of elements and their recognition is essential for 
the interpretation of primary and surficial geochemical patterns. 
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2.2.0. Primary Geochemical Patterns of Regional Extent. 
2.2.1. The geochemical specialization of lithological units. 
The geochemical specialization of lithological units implies 
that the distribution of one or several trace elements in rocks shows 
specific features, such as higher or lower contentrations of elements 
or anomalous values of variance of the element content, which are 
unusual for the given rock type (8eus and Grigorian, 1977). Igneous, 
matamorphic and sedimentary sequences with which economic concentrations 
of chemical elements are genetically or paragenetically associated 
generally exhibit specific chemical features which may differentiate 
them from barren lithological units of similar composition and appearance. 
The recognition of these geochemical features can be used during 
reconnaissance exploration to define potentially metalliferous 
formations or areas. The geochemical specilization of a lithological 
unit, however, only indicates the potential for mineralization as the 
accumulation of economic concentrations of eiements depends on the 
coincidence of favourable geochemical and geological features. 
The assesment of the geochemical specialization of lithological 
units is based on: 
a) the trace element distribution patterns in rocks -
b) the trace element distribution in rock forming minerals 
c) ratios of the contents of geochemically related elements 
in rocks and minerals. 
The geochemical specialization of rocks is related to all the 
processes involved in their formation . The trace element characteristics 
of igneous rocks will thus be dependent on such factors as tectonic setting 
and magma genesis. The characteristics of sedimentary rocks will depend 
on the tectonic and climatic factors affecting sedimentation and on the 
diagenetic alteration of sediments. Metamorphism, metasomatism and 
hydrothermal activity tend to alter the primary characteristics of rocks 
and can either mask or enhance trace element patterns related to mineral-
ization. 
The extent to which the geochemical characteristics related to 
ore forming processes can be destinguished from geochemical characteristics 
related to normal rock forming processes determines the applicability of 
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geochemical specialization in mineral exploration. 
are intended to illustrate the factors involved in 
The following sections 
the use of the geo~ 
chemical specialization of rocks in mineral exploration and to emphasize 
the importance of understanding the genesis of mineral deposits and 
country rocks in order to interpret primary geochemical patterns. 
2.2.2. Geochemical and metallogenic provinces. 
Beus and Grigorian (1977) define geochemical provinces as "large-
scale crustal units characterized by common features of geological and 
geochemical evolution expressed in the chemical composition of geological 
formations, as well as in the endogenic and exogenic metalliferous and 
nonmetalliferous concentrations of the chemical elements." The 
definition includes the more specific metallogenic provinces, which are 
regions characterized by concentrations of particular metals or types of 
ore deposits. 
A considerable number of geochemical provinces have been defined 
on the basis of various regional geochemical characteristics (e.g. Beus 
and Grigorian, 1977; Rose, Hawkes and Webb, 1979, pp 78 - 84), but 
irrefutable evidence of the existence of the provinces is often lacking 
due to the large volume of geochemical data required to delineate them. 
Geochemical and metallogenie provinces may indicate regions with the 
potential for economic mineralization, but their use to indicate 
favourable exploration areas is less definitive than the consideration 
of regional geology and tectonic setting. The presence of significant 
concentrations of target elements in a region is, however, an important 
factor in the selection of regional exploration areas. 
2.2.3. Geochemical specialization indicating magmatic deposits .. 
The type of geochemical specialization of volcanic and intrusive 
rocks which can indicate the potential for associated magmatic deposits 
is best illustrated by the work done on the regional characteristics of 
ultrabasic and basic rocks with associated magmatic nickel and copper 
sulphide deposits. The genesis of magmatic sUllphide deposits involves 
the partitioning of Ni and Cu from ultrabasic and basic magmas by an 
immissible sulphide fraction (Maclean and Shimazaki, 1976). The 
regional potential for magmatic sulphide deposits can be recognized by 
the following features of the source rocks: 
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a) High Ni and S contents and a Ni to S ratio between 1 : 2 
and 2 1 was found to be indicative of mineralized ultrabasic and basic 
rocks by Hausen et al. (1972). 
b) Cameron et al. (1971) found that Cu, Ni and to a lesser 
extent Co are enriched in the sulphide minerals (e.g. pyrite) of poten-
tially mineralized ultrabasic and basic rocks compared to barren rocks 
in the Canadian Shield (Table 2.8.). 
c) The presence of iron sulphides, chrome spinels with high 
Fe, 0, : FeO ratios and local nickel- depleted zones were found to be good 
indicators of mineralization associated with peridotites in Canada by 
Naldrett and Gasperini (1971). 
Table 2.8 
Geometric mean conteot of sulphur and sulphide-held Cu, Ni , and Co in ore;-hearing 
mineralized, and barren ultramafic intrusions in the Canadian Shi e ld 
ORE groups: 
(deposits 
with >5000 
tons Ni-Cu) 
MINORE group: 
(deposits 
with <5000 
tons Ni-Cu) 
BARREN group: 
All deposits: 
(from Cameron et al . , 1971) 
Number of Number of Cu, ppm Ni, ppm 
bodies Samples 
" 16 
5 
40 
61 
)72 
91 
616 
1079 
67.8 
6.8 
6.9 
15.2 
715 
560 
354 
469 
Co, ppm S, % 
57.4 
25.2 
)1.) 
)7.9 
0.166 
0.0) 6 
0.0)1 
0.056 
2.2.4. Geochemical specialization indicating paramagmatic deposits 
associated with granitic intrusions. 
Discrimination between productive and barren granitic intrusions 
on the basis of trace element enrichment of the source rock has been 
attempted in many areas. Tin appears to be the only element that 
generally (but not universally) shows enrichment in intrusions with 
associated tin mineralization (Govett and Nichol, 1979). Many workers 
have observed no clear correlation between the content of other elements 
(e.g. Cu, Pb, Zn, Mo, W) in granites and associated vein deposits. The 
lack of correlation is ascribed to the formation of the deposits by 
processes not directly related to the genesis of "the intrusives 
(Govett and Nichol, 1979). 
60 
20 
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The form of the frequency distribution of an element in a region 
or in a particular intrusion is often more diagnostic of mineralization 
than the mean value of the element content. Garrett (1971) showed that 
the frequency distribution of W differed between barren and mineralized 
acidic plutons in the Yukon and Northwest Territories of Canada (Fig. 2.3). 
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Fig. 2.3. Frequency distribution of W in mineralized and barren granitic 
intrusions. From Garrett (1971). 
The use of variations in the element content of a particular 
mineral phase to discriminate between barren and productive plutons has 
also met with mixed results. The major and trace element contents of 
feldspars, biotite and muscovite from granite bodies with associated tin, 
copper, zinc and lead mineralization in southwest England showed 
differences from those in unmineralized granites elsewhere in England 
and Scotland (Bradshaw, 1967. The element contents were, however, 
largely overlapping as a result of differences in the fractionation 
of the granites. The recognition of intrusions with associated 
porphyry Cu and Mo deposits and unmineralized stocks, using the trace 
element content of biotites (Jacobs and Parry, 1976) and multi-element 
whole rock analysis (Allen et al. 1976), is only successful in cases 
where actual alteration zones related to the porphyry systems are 
sampled. 
The recognition of barren and productive plutons, during 
exploration for hydrothermal vein deposits, skarn deposits and porphyry 
deposits, on the basis of geochemical specialization appears to have 
limited potential. The partial success attained in many studies 
indicates that geochemical characteristics related to ore forming 
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processes are seldom the dominant feature of the plutons and they are 
largely masked by characteristics related to the normal magmatic processes. 
The use of geological and tectonic criteria and geochemical methods aimed 
at locating primary dispersion patterns directly related to mineral 
deposits appears to be a more favourable approach to the recognition of 
potentially mineralized granitic intrusions. 
2.2.5. Geochemical specialization indicating volcanogenic and 
volcano-sedimentary massive sulphide deposits. 
Volcanogenic and volcano-sedimentary massive sulphide depos its 
are formed by subaqueous exhalitive activity during periods of quiessence 
in volcanic activity and sedimentation. Deposits tend to cluster at 
specific levels in the volcanic or sedimentary sequences which are marked 
by chemical sediments or black shales deposited during the quiessent :"~ 
periods. Broad syngenetic geochemical patterns are preserved by the 
incorporation of base meta1s, Mn, Ca and Ba dispersed from the areas of 
exhalative activity in the chemical sediments and .shales . The tendency 
for volcanogenic and volcano-sedimentary deposits to show spatial as well 
as stratigraphic clustering makes the recognition of the geochemically 
specialized exhalite horizons an important reconnaissance method during 
exploration for massive sulphide deposits (e .g. the Archean volcanogenic 
.deposits in Canada and the McArthur River deposits in Australia). 
Volcanogenic massive sulphide deposits, such as the Archean 
deposits of the Canadian Shield and the Kuroko deposits of Japan, are 
associated with felsic units of calc-alkaline volcanic sequences. The 
felsic volcanics of productive calc-alkaline sequences in the Canadian 
Shield are characterized by slightly higher contents of Fe, Mg and Zn 
and by lower Na, D and CaD contents than nonproductive sequences 
(Govett and Nichol, 1979). Cameron (1974) found that the sulphur 
content of felsic rocks was higher in productive sequences and lower 
in nonproductive sequences than the sulphur content of the basic rocks 
in the same volcanic sequence. 
2.2.6 . Geochemical specialization indicating sedimentary deposits . 
Sedimentary mineral deposits are commonly associated with specific 
sedimentary facies representing favourable tectonic and depositional 
environments for the accumulation of the ore elements. The favourable 
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sedimentary units can generally be recognized by geological and sedimenta-
logical characteristics, but the regional potential of a sedimentary 
horizon for a specific type of mineralization can also be indicated by 
higher concentrations of target and pathfinder elements (e.g. the 
Kupferschiefer in Europe). The geochemically specialized sedimentary 
horizons are generally anomalous over long strike lengths, but are 
relatively thin and have sharp contacts with underlying and overlying 
barren sedimentary units. The use of geochemical specialization can 
thus be of importance in tracing potential ore horizons in metamorphosed 
and deformed sedimentary sequences. 
Sedimentary sequences with associated Fe and Mn deposits commonly 
have a facies zoning (i.e. oxide, silicate, carbonate and sulphide facies) 
which can be used during reconnaissance exploration. A knowledge of the 
geochemistry of Fe and Mn can be used to predict the distribution of 
facies which have potential for higher grade ore (e.g. oxide iron facies) 
and ore which has particular chemical characteristics (e.g . carbonate 
facies Mn deposits). Geochemical characteristics of sedimentary units 
formed by the passage of mineralizing solutions during diagenesis 
(e.g. the alteration tongues related to roll-front uranium deposits) may 
have important applications during exploratory drilling. 
2.3.0. Primary Geochemical Patterns Related to Individual Mineral Deposits. 
2.3.1. Factors affecting the characteristics of primary geochemical halos. 
The characteristics (e.g. size, shape, intensity and contrast) of 
primary geochemical patterns associated with individual mineral deposits 
are dependent on the following factors: 
a) The ore-forming processes. 
Mineral deposits can be classified on a genetic basis into groups 
of deposits having broadly similar geological, geochemical and mineralogical 
characteristics (Table 2.9. and Anderson, 1978, pp 1-5). The charac~ 
teristics of primary geochemical halos associated with a particular genetic 
class of mineral deposits (e.g. porphyry or volcanogenic deposits) are 
largely controlled by the ore-forming process, and deposits of the same 
genetic type will thus have similar geochemical halos. 
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Table 2.9. 
Classification of mineral deposits From Rose, Hawkes 
Webb (1979). 
I. Deposits produced by chemical processes 0/ concentration 01 ele/;Oled tempera-
tures withill the earth or at the sea /loor 
A. In magmas (magmatic deposits) 
1. By concentration of crystals from magma (chromite and magnetite of 
BushveJd complex) 
2. By separation of immiscible sulfide or oxide liquids from magma (Cu-Ni 
at Sudbury, Ont.; Ti at Allard Lake, Que.) 
3. By crystallization of unusual magmas 
(a) Carbonatites (Nb at Oka, Que.; Cu and phosphate. at Palabora, 
South Arrica) 
(b) Pegmatites (Nb- Ta in Nigeria; mica at Petaca, N. Mex.; Li at Kings 
Mtn, N. Car.) 
B. From hot aqueous fluid formed within the earth (hydrothermal deposits) 
I. Deposited within the earth and associated with intrusive igneous bodies 
or volcanic centers 
(a) Disseminated sulfides in and adjacent to igneous bodies (porphyry-
Cu-Mo deposits of Bingham, Utah) 
(b) Contact metasomatic replacement of carbonate rocks (skarn deposits 
of Feat Iron Springs, Utah; Cu-Pb-Zn at Central District, N. Mex.) 
(c) Vein and replacement deposits 
(i) In and adjacent to granitic intrusions (Sn-Cu at Cornwall. 
England) 
(ii) Peripheral to granitic intrusions (Cu at Magma, Ariz.; Pb--Zn-
Ag of Central District, N. Mex.; Pb-Ag of Coeur d'Alene, 
Idaho) 
(iii) Associated with volcanic centers and hot spring systems on land 
(Ag at Pachuca, Mexico; Au at Carlin, Nev.) 
(iv) Cu associated with basaltic volcanism (northern Michigan Cu, 
Mich.) . 
2. Deposited within the earth but with no obvious relation to igneous 
activity 
(a) Pb-Zn sulfide deposits in carbonate rocks (Mississippi Valley 
deposits, U.S.A.) 
(b) U deposits in sandstones (Colorado Plateau, U.S.A.) 
(c) Cu deposits associated with red sediments (Nacimiento, N. Mex. and 
White Pine, Mich.) 
3. Deposited on the sea floor by fluids from . hot springs 
(a) Massive Fe-sulfides with base and precious metals. in associatIOn 
with volcanism (volcanogenic massive sulfides, Kuroko deposits, 
Japan) 
(b) Base-metal sulfides unrelated to volcanism (Cu at Ducktown, Tenn.) 
(c) Extensive Fe- and Mn-rich deposits with associated Au and other 
metals (as in premetamorphic carbonate beds at Homestake, S. Dak.) 
II. Deposits formed by chemical processes 0/ concentration at or Ilear the sur/ace of 
the earth at low temperatures 
A. By weathering and related processes on land 
1. By leaching of soluble constituents to leave residual concentrations 
(bauxite, Fe-, Mn-, and Ni-rich laterites) 
2. By supergene enrichment of sulfides (Cu at Miami, Ariz.) 
- 3. By evaporation of pore waters from soil (U in caliche at Yeelerie, 
Australia) 
B. By precipitation in lakes and oceans 
1. By evaporation of water (evaporites, gypsum, halite, borates) 
2. By chemical changes in solution 
(a) Precipitation of limestones and dolomites 
(b) Unusual precipitates (Fe formation, Mn nodules, phosphates, base· 
metal sulfides) 
(c) By biological processes and diagenesis 
(i) Accumulation of plant debris (coal) 
(ji) Formation of liquid and gaseous products from plant and ani· 
mal debris (oil and gas deposits) 
(iii) Conversion of sulfates to native sulfur (sulfur deposits) 
III. Deposits produced by mechanical processes of concentration 
,A. Concentration by size in flowing water (gravels, sands, clays) 
B. Concentration of dense minerals by flowing water (placer deposits of Au, 
Pt, Sn, diamond) 
and 
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b) The composition of the ore-forming magma or aqueous solution. 
The elements concentrated in primary geochemical halos reflect 
the elements present in the ore-forming magma or solution. The target 
and geochemically associated trace elements (refer to section 2.1.5.) are 
normally the best indicators of mineralization, but major and minor element 
halos can also be developed. 
c) The local geology and tectonic setting. 
The regional geological and tectonic setting of deposits of a 
specific genetic type generally shows a considerable degree of similarity 
but the local geology and tectonic setting of deposits can vary signifi-
cantly from one region to another and between individual deposits in the 
same region. The local geological, tectonic and genetic variations can 
give rise to significant differences in the size, shape, intensity and 
contrast of primary geochemical patterns associated with particular types 
of minAral deposits. 
d) Post-mineralization tectonic history. 
The post-mineralization tectonic history of a mineral deposit 
can alter the characteristics of primary geochemical halos. Regional 
metamorphism and structural deformation, in particular, are capable of 
masking or enhancing primary geochemical patterns and developing patterns 
unrelated to the original mineralizing processes (e.g. leakage anomalies 
due to metamorphic dispersion of mobile elements). 
2.3.2. Types of primary geochemical halos. 
Primary dispersion patterns directly related to mineralization 
can be broadly classified accordingto the processes by which they are 
formed (Bradshaw et al., 1972; Rose, Hawkes and Webb, 1979): 
a) Syngenetic halos. 
The processes which concentrate elements in mineral deposits 
may cause a local concentration or depletion of certain major, minor 
or trace elements in igneous or sedimentary rocks at the same time as 
the mineral deposit . The principles involved are essentially the same 
as those discussed for syngenetic regional specialization of rocks 
(section 2.2.0.), but the local syngenetic halos are more pronounced 
as the ore forming processes are dominant in the immediate vicinity 
of mineral deposits. 
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b) Epigenetic halos. 
Epigenetic dispersion patterns (i.e. chemical patterns super-
imposed on pre-existing country rocks) are typically associated with 
deposits formed by hydrothermal and aqueous solutions. The solutions 
forming the deposits are generally in disequilibruim with the surrounding 
country rocks, resulting in the dispersion of elements from the fluids to 
the rocks. Bradshaw et aI, (1972) recognize three main methods of 
dispersion: 
1) The diffusion of ions through a static medium. The 
process is responsible for dispersion patterns of limited extent which 
tend to decay logarithmically with distance from the source of diffusion. 
11) Dispersion of elements by the flow of mineralizing solutions 
(infiltration) through micro- and macro-fractures which tends to form 
irregular but generally more extensive dispersion patterns. 
111) Selective replacement of minerals which involves both 
diffusion and infiltration. 
The formation of epigenetic halos by the processes of diffusion, 
infiltration and -alteration is controlled by a large number of factors 
such as pressure and temperature gradients; composition of the ore 
forming solutions; composition, reactivity and permeability of the 
country rocks; -the structure and extent of fracturing of rocks 
(including hydrofracturingl etc. The characteristics of the halos 
are thus highly variable. Three broad categories of epigenetic patterns 
can, however, be defined viz. wall rock anomalies, leakage anomalies and 
alteration halos. 
The diffusion, precipitation and adsorption of ions moving outward 
from the centre of mineralization tends to form three dimensional, non-
symmetrical wall rock anomalies around an ore body. The characteristics 
of the wall rock anomalies depend on the rate and extent of diffusion 
which is largely controlled by the following factors: 
1) The concentration of anomalous elements in the ore-forming 
solutions and variations in the concentration with time. Movement of 
the fluids past the centre of mineralization also results in variations 
in element concentration at the source of diffusion. 
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11) The length of time that diffusion operates . The diffusion 
process is slow and long periods of disequilibrium between ore-forming 
fluids and wall rocks are necessary for the formation of significant 
aureoles. 
111) The temperature and pressure gradients between the ore-
-forming fluids and the country rocks. 
1 V) j"he type and characteristics of the wall rocks. Reactive 
wall rocks (e.g. dolomites or limestones) tend to have narrow aureoles, 
while weakly reactive rocks with high porosity and permeability favour 
wider aureoles. 
V) The diffusion constant (Rose, Hawkes and Webb, 1979, 
pp 78-100) of the elements involved. In general, small ions and high 
temperatures favour the formation of large aureoles. 
Leakage anomalies are formed by the migration of ore forming 
fluids along channelways in the vicinity of mineral deposits precipitated 
from hydrothermal or aqueous solutions. The location, dimensions and 
intensity of leakage anomalies depend on the following factors (discussed 
by Rose, Hawkes and Webb, 1979 pp 101-104) : 
1) The path of flow of the ore fluid. 
11) The amounts of indicator elements in the ore fluids. 
111) The controls on precipitation, adsorption, and other 
processes transfering indicator elements from the hydrothemal fluids 
to the rocks. 
The leakage anomalies may consist of visible ore related minerals 
or of dispersed trace elements deposited in fracture zones or permeable 
rocks above, below or adjacent to paramagmatic or sedimentary deposits 
formed by hydrothermal or aqueous solutions. Leakage anomalies formed 
by ore fluids which had precipitated a major part of their ore forming 
elements and moved past the centre of mineralization, normally occur 
above the mineral deposit and are favourable indicators of blind deposits. 
Leakage "anomalies may, however, also be formed by fluids which did not 
encounter the correct conditions for the precipitation of ore, by fluids 
which had not reached a favourable site for the concentration of mineral-
ization, or by fluids that lacked the potential to form ore. 
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c) Alteration halos. 
The infiltration of hydrothermal and aqueous solutions and 
diffusion of ions from the solutions can alter the mineralogical consti-
tution of rocks. The processes may result in the alteration of 
existing minerals or the formation of secondary minerals. Alteration 
can take place with or without detectable changes in the major or trace 
element content of the rocks. The changes in the mineralogy and texture 
of wall rocks enclosing ore are often more extensive than the ore itself 
and can act as a guide to orebodies as well as an indicator of the 
original ore-forming solutions. The effects of alteration are generally 
visible in outcrop and under the microscope, but chemical methods may 
also be used to study the characteristics of alteration patterns. 
The alteration halos around paramagmatic deposits (e.g. porphyry 
deposits and hydrothermal vein deposits) tend to be well developed and 
often have mineralogical zoning patterns related to temperature gradients 
and distance from the source of mineralization. The subject of hydrothermal 
alteration is discussed by Rose and Burt (in Barnes, 1979, pp 173-277). 
d) The zoning of mineral deposits and primary geochemical halos. 
The chemical and mineralogical zoning of orebodies and the primary 
geochemical halos associated with them is a common feature of mineral 
deposits. The zoning is caused by: 
1) differences in the mobility of elements. 
11) changes in the composition of magmas, hydrothermal solutions 
or aqueous solutions responsible for the for~ation of mineral deposits. 
111) spatial and temporal changes in the physicochemical 
environment in which ~re forming processes are operative. The changes 
in the physicochemical environment can affect the mobility of elements 
and the composition of ore-forming magmas or fluid phases. 
The geochemical patterns associated with individual mineral 
deposits are generally formed by a combination of 
types of halos tend to overlap. The geochemical 
processes and various 
signature of specific 
types of mineral deposit thus comprises a combination of primary 
geochemical halos which all contribute to the geochemical patterns 
that can be used to predict, locate and evaluate individual mineral 
deposits. The major characteristics of the geochemical patterns 
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associated with some types of magmatic, paramagmatic and sedimentary 
deposits are illustrated in the following sections. The interpretation 
of geochemical surveys should, however, be based on a thorough evaluation 
of the geochemical characteristics of the type of mineral deposit sought, 
with particular reference to the effects of local geological and tectonic 
factors on the characteristics of geochemical halos. 
2.3.3. Primary geochemical halos associated with magmatic deposits. 
Magmatic deposits generally do not have clearly defined primary 
geochemical halos, although syngenetic indications of the. proximity of ore 
may be developed in some situations as illustrated by the following 
examples: 
a) Layered basic and ultrabasic intrusions. 
Accumulations of chromite, platinum ~nd Ni-Cu sulphides in layered 
intrusions (e.g. the Bushveld Igneous Comples) can be indicated by 
compositional and mineralogical layering of the intrusion and by slight 
increases in the concentration of target elements in the zones containing 
mineralized layers. Significant concentrations of the target elements 
e.g. Cr, Pt, Ni and Cu are, however, largely confined to the mineralized 
layers and to narrow halos in the immediate vicinity of mineralized 
layers (e.g. the Merensky Reef). 
b) Magmatic Ni-Cu sulphides. 
Primary geochemical halos associated with magmatic Ni-Cu 
sulphide deposits are highly unpredictable. The characteristics of 
geochemical patterns in the vicinity of massive sulphide mineralization 
depend on the processes which operated in the magma to concentrate 
immiscible sulphide droplets which tend to form throughout the magma. 
Some sulphide deposits may, thus, have no noticeable halos, while the 
processes of filter pressing and gravity percolation of immiscible 
sulphide could form significant aureoles of target elements and 
minerals in other situations. 
2.3.4. Primary geochemical halos associated with paramagmatic deposits 
Paramagmatic deposits typically have well developed syngenetic 
and epigenetic halos formed by the dispersion of elements form the 
mineralizing hydrothermal fluids. The features of the halos are 
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primarily controlled by ore forming processes and various genetic classes 
of paramagmatic deposits are characterized by distinctive syngenetic and 
epigenetic primary geochemical patterns. The characteristics of the 
primary halos are illustrated by reference to some of the more important 
types of paramagmatic deposits. 
a) Porphyry deposits. 
Porphyry-type ore deposits are formed by the outward migration of 
hydrothermal solutions from crystallizing high level calc-alkal'ine prophyry 
stocks (Burnham, in Barnes, ed., 1979). The porphyry-type hydrothermal 
systems are characterized by alteration and mineralization zoning (Lowell 
and Guilbert, 1970) which can be detected by visible alteration patterns 
and by the distribution of major and trace elements in the porphyry 
stocks and country rocks. 
Geochemical dispersion patterns associated with Cu-Mo porphyry 
deposits studied by Olade and Fletcher (1976) and Chaffee (1976) show 
the following features: 
1) Geochemical dispersion in the proximity of the Cu-Mo 
deposits is related to primary lithology, hydrothermal alteration and 
mineralization. 
11) Trace elements show more useful anomalies than the major 
elements. Elements associated with mineralization (e.g. Cu, S, Mo, B) 
can indicate whether a prophyry system is barren or mineralized. 
Anomalous halos of CU,S and B extend beyond the alteration zones and 
constitute larger targets than the visible alteration halos (Table 2.10). 
111) The distribution of elements closely related to alteration 
(e.g. Rb, Sr, Ba) offers an objective and unbiased method of mapping 
alteration-mineralization zoning and of determining the level of exposure 
of porphyry systems. 
IV) Element ratios are more consistent indicators of mineralization 
than single element patterns which show erratic trends caused by mineral-
ogical variations. 
V) Leakage halos of a wide range of elements (e.g. Ag, Pb, 
Zn, Mg and Mn) may be developed along major structures (i.e. fault~ 
breccia pipes, etc.) and are a useful guide to ore. 
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Lithogeochemical data on the distribution of major and trace 
elements around porphyry-type deposits is reviewed and summarized by 
Govett and Nichols (1979). 
Table 2.10. Comparison of Anomaly Extent and Contrast for Selected 
Elements. From Olade and Fletcher (1976). 
BctlllchClll Va ll ey 
JA Copper Lornex Highmont 
Ele-
ment E' C' E C -E C E 
Cu ... 5 ... 5 ... 5 ... 
S ... 5 ... 5 nd nd nd 
)olD • 2- 5 • 2-5 • 5 • 
n • 1- 2 U ... 2-5 ... 
Hg .. 5 U nd nd nd 
Rb .. 1- 2 .. 1- 2 nd nd nd 
Sc' .. 1-2 .. 1- 2 .. 1-2 .. 
nd: ;\ot determined. 
I Extent: U:;":o '1I10ma l), . 
• : A nomal y con filled to ore zone . 
.. : ;\nomaly wi thi n alteration envelope . 
... : Anomaly beyond al teration envelope. 
C 
5 
nd 
5 
2-5 
nd 
nd 
1-2 
~ Contrast: Approximate :l. lI omaly to background ratio. 
;J Xegativc anomaly. 
b) Polymetallic vein and replacement deposits. 
The distribution of elements (particularly chalcophile elements) 
around vein, replacement and skarn deposits has been intensively studied 
by Russian geologists (e.g. Beus and Grigorian, 1977). The work has 
indicated that these paramagmatic deposits typically have extensive trace 
element halos with characteristic zoning patterns. The halos extend for 
large distances (up to hundreds of meters from the ore deposits) in the 
direction of flow of the hydrothermal solutions (axial zoning). 
Narrower, but similar, zoning patterns are developed at right angles 
to the direction of flow (transverse zoning). The halos formed by 
different elements and halos around different deposits tend to vary in 
extent, but they form much larger exploration targets than the orebodies 
(Fig. 2.4.). The target elements normally form the widest halos. 
The sequence of elements in the zoned halos is dependent on the 
mobility of the elements invol ved and is generally similar for various 
deposits. Beus and Grigorian (1977) give a large number of examples 
of zoned trace element halos and discus s methods of interpreting the 
zoning patterns which can be effectively used to: 
1) locate blind deposits. 
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11) predict whether halos indicate economic concentrations of 
elements. 
111) indicate whether the zoning pattern was developed above or 
below economic mineralization. 
w 
~ Orebody c::;:, Anomoly 
L.....-...J 
200 m 
Fig. 2 a4. Anomalies for trace metals at Harpenberg Pb--Zn-Cu- Ag skarn deposit 
in Sweden. (After Beus and Grigorian, 1977.) 
c) Volcanogenic massive sUlphide deposits. 
Geochemical patterns in the vicinity of volcanogenic massive 
sulphide deposits are characterized by three types of primary halos 
(Fig. 2.5): 
f) Local major and trace element concentrations in pre-ore 
volcanic sequences (similar to the geochemical specialization discussed 
in section 2.2.5.) can indicate the proximity of mineralization, but are 
generally of less importance than geological indicators (e.g. rhyolite 
domes, volcanic breccias, etc.). 
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11) A stockwork and repla<:ement zone of veins and alteration 
occurs below the stratiform massive sulphide lenses of proximal deposits. 
The stockwork zone and the country rocks in the immediate vicinity of 
the deposits are generally enriched in Mg, AI, Fe and K and depleted in 
Na and Ca (Govett and Nichol, 1979). Trace element halos (e .g. Cu, Pb, 
Zn and other elements associated with the mineralization) occur in the 
altered stockwork zone and may extend into pre-ore volcanics, although 
the wall rock anomalies are generally of limited extent (a few tens of 
meters). Alteration and element dispersion patterns may occur in the 
post-ore rocks above the stratiform orebodies in situations where 
hydrothermal activity continued during renewed volcanism or sedimentation. 
111) Significant halos of ore related elements (e.g. Zn, Cu, Pb, 
Ba, Hg, Mn, Bi, etc.) occur in the ore equivalent stratigraphie horizons 
which tend to grade into the ore bodies. The syngenetic geochemical 
halos were caused by the mixing of ore forming solutions and sea water 
and the dispersion patterns are generally good indicators of mineralization. 
Govett and Nichol (1979) give a summary of lithogeochemical 
studies done on primary dispersion halos associated with volcanogenic 
massive sulphide depOSits . 
Fig. 2.5. Generalized relation5h,p of massive-sulfide ore to Fe 
formation, stockwork zone, and post-ore volcanic and 
sed i!llenj;ary rocks. From Rose, Hawkes and Webb (1979) 
2.3.5. Primary geochemical halos associated with sedimentary depOSits. 
Mineral deposits in sedimentary rocks may be formed by syngenetic 
or epigenetic chemical precipitation from aqueous solutions or by the 
physical accumulation of ore minerals derived by the erosion of source 
rocks. The characteristics of the geochemical halos associated with 
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the deposits depend on the ore forming process and on the characteristics 
of the depositional environments as illustrated by the following examples: 
a) Volcano-sedimentary and sedimentary base metal deposits. 
Volcano-sedimentary and sedimentary base metal deposits are 
tabular stratiform bodies which often have a considerable continuity of 
mineralization along strike. The precipitation of ore from metalliferous 
solutions in favourable sedimentary environments during sedimentation 
tends to form gradational geochemical patterns representing the tran-
sition from ore to barren rocks along strike. The geochemical halos 
are generally zoned due to differential mobility of indicator elements 
in the sedimentary environment. Epigenetic halos may be developed 
in overlying and underlying units if the ore forming process involved 
the infiltration of solutions into the sediments during sedimentation or 
diagenesis (e.g. hydrothermal alteration zones associated with some 
volcano-sedimentary deposits), but geochemical halos are normally 
confined to the ore horizon. 
b) Sulphide deposits in carbonate sequences. 
Base metal (e.g. Pb, In, Cu) sulphide ores in carbonate rocks 
are precipitated from metalliferous solutions in favourable traps 
(e.g. karst systems, carbonate reef complexes, fault zones, etc.). 
The deposits typically show very limited primary halos which seldom 
extend beyond the permeable zones (e.g. faults, solution collapse 
breccias, etc.) along which the mineralizing solutions migrated. 
The limited geochemical dispersion is due to greatly reduced element 
mobility in the limestones and dolomites caused by their reactive nature 
and by the Eh and pH conditions formed by carbonate reactions. 
c) Detrital and residual sedimentary deposits. 
Placer and alluvial deposits are formed by the accumulation of 
resistant minerals and elements during the processes of weathering, 
erosion and sedimentation in the surficial environment (discussed in 
the following chapter). Geochemical halos related to detrital 
sedimentary deposits can include: 
1) increased concentrations of ore and indicator minerals and 
elements in sedimentary units formed at the same time as the deposits. 
11) zones containing pathfinder elements and minerals formed in the 
vicinity of deposits by differential mobility during physical dispersion. 
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3.0.0. GEOMORPHOLOGICAL FACTORS 
Muir's Law: "When we try to pick out anything by itself 
we find it hitched to everything else in 
the universe". (Bloch, 1980). 
3.1.0 . Secondary Geochemical Patterns in the Surficial Environment . 
3.1.1 . The surficial environment - introduction. 
"The surficial environment is the environment of weathering, erosion 
and sedimentation at the surface of the earth. It is characterized by low 
pressure, free movement of solutions, and abundant free oxygen, water and 
carbon dioxide". (Rose, Hawkes and Webb, 1979). The planning, execution 
and interpretation of geochemical surveys must take into account not only 
the geological aspects of the mineralization sought, but also the aspects of 
the surficial environment that place constraints on the type, magnitude and 
extent of secondary geochemical anomalies. 
The surficial environment is a dynamic 
processes and controlling factors are complexly 
system in which the active 
interrelated. 
force of the system is tectonic activity which exposes igneous, 
The driving 
metamorphic 
and sedimentary rocks to the processes active in the surficial environment. 
The rocks and their contained mineral deposits and primary geochemical halos 
are unstable in the surficial environment. The original materials are recon-
stitued into new forms by the processes of weathering, soil formation, erosion, 
transport, and deposition. The agents causing these processes are the compo-
nents of the hydrosphere, biosphere and atmosphere as well as gravity, 
temperature and atmospheric pressure. The major controlling factors are 
"the original rock composition, relief, climate, vegetation and time . 
The use of material from the surficial environment for exploration 
geochemistry is based on the fact that anomalous concentrations of indicator 
elements associated with mineral deposits are reflected by secondary dispersion 
halos. The simplest types of dispersion halos are developed in an environment 
of in situ weathering of bedrock to form a residual soil profile (Fig. 3.1) and 
will be used to illustrate the basic factors which must be considered during the 
interpretation of geochemica 1 surveys. The bas ic factors are weatheri ng and 
element mobility, soil formation, ground water movemen\ and erosion and transport 
of surficial material. The factors which can complicate or mask the basic 
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geochemical patterns, as well as those which cause false geochemical anomalies, 
are ,discussed seperately. These factors include the composition of bedrock 
and mineral deposits, the level of exposure of mineral deposits, relief, 
cltmate, vegetation, soil types and compositions, deep weathering profiles, 
transported overburden and contamination. 
3. 1.2 . The weathering of rocks and mineral deposits. 
Weathering is the process of adjustment of rocks and minerals, formed 
in the primary environment, to the conditions prevailing in the surficial 
environment. Chemical weathering involves the reaction between rocks and 
minerals and the constituents of air and water at low temperature and pressure. 
Physical weathering is the process of fragmentation of rocks with little or no 
chemical change. Chemical weathering is th.e dominant form of rock disinte-
gration with physical weathering generally being a subordinate process. 
Physical weathering is, however, the dominant form of weathering in very 
cold and/or dry climates and in areas of rugged topography. 
Chemical weathering is largely dependant on the presence of moisture. 
Water is an active agent of weathering and also holds substances in solutions 
which react with the rock forming minerals. The more important of these 
substances are oxygen, carbon dioxide, organic acids, and nitrogen acids. 
Many of the dissolved substances lower the pH of the water making it a better 
solvent of rock materials. The various agents of chemical weathering 
function together to cause the decomposition of rocks by the processes of 
solution, hydration, acid attack and oxidation. 
Oxidation plays a dominant role in the weathering of most mineral 
deposits, which is generally more complex than the weathering of rocks, due 
to the presence of substantial amounts of iron, manganese, sulphur and trace 
metals which have more than one oxidation state. The order of resistance to 
chemical weathering of the ore minerals is generally : 
Oxides, silicates, carbonates and sulphides. 
The sulphides are particularly susceptible 
deposits , are generally deeply weathered. 
to weathering and sulphide bearing 
Krauskopf (1979) summarizes the 
chemical weathering of sulphide minerals as follows: 
a) the metal ions go into solution or into insoluble compounds 
which are stable under surface conditions. 
b) sulphide ions are converted to sulphate ions. 
c) relatively acid solutions are produced. 
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The common oxidation reactions which take place during the weathering of 
mineral deposits are given by Krauskopf (1979) and Levinson (1974). The 
processes of chemical weathering cause a fractionation of the ore-forming 
and associated elements, and may destroy an existing mineral deposit, pro-
duce one from previously barren or sub-economic rock or merely change the 
mineralogy of the deposit depending on the materials, environments and 
products involved. 
The topic of weathering is covered in most text books on applied 
geochemistry and sOils. Summary discriptions of the agents and processes 
involved are given by Krauskopf (1979), Levinson (1974), Rose, Hawkes and 
Webb (1979), and ~irkeland (1974). The reader isreferred to these texts 
for details of the weathering of rocks and mineral deposits. 
3.1.3. The products of weathering and element mobility in the surficial 
environment. 
The products of weathering can be grouped into three categories, 
viz. residual primary minerals, insoluble minerals formed in the secondary 
environment (exogenic minerals) and soluble constituents. 
a) Residual primary minerals. 
Primary minerals are all unstable to some degree in the surficial 
environment. The quantity and type of residual primary minerals in 
surficial material is, thus, dependant on the resistance of various minerals 
to physical and chemical weathering, and on the degree to which weathering 
has taken place. The structure (eg. cleavage planes) and hardness of 
minerals controls their physical disintegration. The chemical composition 
of minerals, as well as their susceptibility to physical disintegration, 
controls the rate of chemical weathering under a given set of secondary 
conditions. 
The relative susceptibility to weathering of the common silicate 
minerals in igneous rocks (Table 3.1) is the inverse of their normal 
sequence of crystallization from magmas. Minerals, such as quartz, 
zircon, titanium-oxides, and tourmaline, which decompose very slowly 
inmost secondary envi ronments, tend to become mone <iabtiJndant ll i'rti ' 5urfi-
cial material qur.ing nonmal weathering. The resistant minerals do, 
however, decompose under prolonged conditions of extreme chemical 
weathering. 
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Table 3.1. 
Th~ commo~ ~o.ck-forming si~icate miner~ls arranged in their general order of crystallization from magmatic melts, 
their susceptibility to weathering, and their occurrence in various igneous rock types 
Sequence of 
crystallization 
early 
late 
Susceptibility 
to weathering 
least 
resistant 
most 
resistant 
,Dark minerals 
Olivine 
(Mg,Fc),SiO, 
Augite 
C,(Mg,Fc,AI)(AI,Si)P" 
Light minera)s 
Calcic plagioclase 
(anorthite) 
CaAl:!Si:p~ 
CalCic plagioclase 
(labradorite) 
with sodiun~ 
Hornblende Sodium plagioclase 
(Ca,Na,rc,Mg,A1MA1,Si»)1022(OH)~ with calcium 
(andesine, oligoclase) 
Biotite (dark mica) 
K(Mg,Fct,(AI,Si")O,,,(OH,F), 
Sodium plagioclase 
(albite) NaAISi.10 11 
Potash feldspar 
(orthoclase, microdine) 
KAI2Si:lOll 
Muscovite (white mica) 
KAI,(AI,Si,,)O.,(OH,F), 
Quartz, SiD:! 
Rock types 
Volcanic Intrusive 
basalt gabbro 
andesite diorite 
larite monzonite 
rhyolite granite 
From Hunt (1972). 
Ore minerals which are commonly resistant to physical and chemical 
weathering include oxides (eg. cassiterite, rutile, magnetite, chromite, and 
ilmenite), native elements (eg. gold, platinum, and diamond), some silicates 
(eg. beryl) and a few other chemical types such as phosphates (eg. monazite). 
The hardness (or ductility and malleability), lack of cleavage and generally 
high specific gravity of the ore minerals which are resistant to physical 
weathering results in their concentration in placer deposits during soil 
formation, erosion, and transport. Chemically resistant minerals which 
cannot withstand physical abrasion, such as wolframite, scheelite, and 
barite, can accumulate as in situ weathering products, but are broken up 
during mechanical transport. Chemically unstable minerals, such as sulphides, 
may be protected from chemical weathering by inclusion in resistant minerals 
(eg. quartz fragments) and thus occur as meta-stable residual weathering 
products. 
Table 3.2. Relative stability minerals 
in residual weathering products. 
From Hunt (1972). 
Relative subilitics of minute grains (diam. < J mm) of common minerals in surf.cc 
deposits 
O.~,.ln ~"J h)J,oJiJu 
,\\lgncfile, Fe"O, 
Hemati te, Fe~O, 
GOf,hite, Fe,O,' H,D 
Limonite, I mirl\lrc 0( glide," 
~rpro .• i mllcl~ 2Pc.,O,· 3H,O 
CorunJ",m, ,'\],0, 
Oi>sporc and boehmite •. \J ,O , · H:O, and 
,.bbsiIC, '\\,0 ,' lH.,O 
r ittl"j"", cO'"f'O,,"dl 
."natne and rut ile, TiO: 
Il mcnil~, FcO' TiO. 
PcroV1l:ite, DO, TIO:; and docilerile 
(Icuto1(cnc), TiO:, H:O 
SlilpJddtl 
Pyrite, FcSt 
Pholplraln 
,".p'lile, C.,jI'O')J(f,CI,OH) 
Crand.Uile, hydrOUI calcium_.lumlnum 
" phOlph21e 
\t'I\'C:lIilc, AI.,(PO,MOH)l'~H,O 
Monnile, rarc earth ph01phatc 
c.. rN~tlliS (mostly stcondary) 
Calcite (limu lOlIC, ,1100 .,a,onite). ClCO. 
Dolom;te, CaCO,' .\lgCO, 
So.J ium carbonlle minenls 
Swlf .. ln (mostly ~ary) 
Gypwm, Caso, 'lH~O 
Anh}-drilc, ~O, 
Sodium )ul(ue ,nd mixed loOdium-aicium 
wlrlte 
:-;'01 "cry pcnillcnl in mOSl ~urfacc IkP05il'; 
USUIU)' .hen 10 Ihe red hematite, bro~'n 
g<'olhi\c, or )'cllow limonite, liable und<:r 
anaerobic romlitions 
.\I~t p"fJisrcnl fOlm; , m;xlUrc of the iron 
oriJes mJ l'IyJroridu 
Rlre pr irrulrY minenl llul re,isl! abrasion and 
is nnl ' <;led upon b,' K ids; peniS!! in de . 
~ils .kri,~ [rom some mCI'lTIOI'phic: 
,ocb 
S«'On,hl'}" mincrab in ,urfa« dcpositl and iIOih 
" 'I\('rc , Iumin. hn been freed by ahcnlion 
of .lumin ... m-bc l rinJ s ilit~t~1 
PC"iUCnl 
.\Iod~r~tdy pen i51~nt 
.... lteration producu of ~phc n e 
(:: tilanite, CaTiSiO,) and ilmenile (rnis-
lanl) in .un." d~pooilJ and loOils 
l:nst3ble 
Moderalely pcn;51enl; prim.ry , 
Allent ion proJu" of apatite; .IIC" to wav~Uilc 
S=d.ry 
Penillenl ; pl!m.ry 
Soluble; prim.ry 01' strontbry 
l.<-ss $OIuble than calcite; pri ....... ry or l«ondary 
Se~(r.IIl, mostly with combined Wll~r; highly 
wiubk; ~mbry 
'\Iorc lOluble thIn calcite 
Like gypsum 
Se ... :r.al , mostly wilh combined wner; re,dily 
<oaiubk 
C/oltJrUU' (SCC'Ondary) 
Halite, N.Q 
Ammonium chloride, :-':H,O 
NimlUs, ~irril~s (Keond. ry) 
Sod. niler, Nli'lO, 
:»llpcler, KNO, 
Silica 
Q\tartt, SiO, 
Chalcedony, Sia, 
Opa!, SiOt ·• nH10 
SiliCdlt1 (the principal roclc ' fotming minenls) 
Highly ~ubk 
High!y .oiubJc 
Highly .oIub!e 
Highly $Oluble 
'\Ios tly primary; highly rnim.nl to abnsion .nd 
Jolut;on 
MicrO<:"I")"la!l;n~ II", known IS thm, "int. 
jasper; I~n liable !lun qU2lU; prim~ry or 
~CQl\(bry 
lUll .table form of .il;a; mostly $Crondary in 
surflce ~posiu; and soil, 
AI"",;""", riliCd/n ",ilhQ"1 tl'OII ". IfIoI ,wiw", (Iighl minerl l,) 
Fddsp;a ... 
POLl.h feld'parl: ortl'toc:l.st, microdine, 
K .... 15i.,O. 
SOOI-l ime feldspars: pl.,ioclue 
'\\u)Co\'ite (white mit.), 
KAI~~AI,Si.JlO,iOH,Fh 
Most pcnistenl of tl'te fcld.p.n 
Gndlli""a! u . in nnging f.om limr reld'par 
(Inorlhile), CIAI.Si~.o., 10 10da reid.!» ... 
(Ilbite), )\'2."15,,0.; purr end mtmlxn 
ruc; loOda.! imc frldspan (oligoc:!aK. an~' 
.ine) more .table than tl'te limc-1Oda onn 
(hbndoole, bpownitc) 
Primary; su.blt 
"" u",i~Ii'" .ilw'n rrirlr or g illralll 'roll Qr "'''I''t.("", 
aay minerals (the principal SCC'Ondary min<nls in Wnl« IkpooilS and. $0;1,; aho prinury; .u.blc) 
Kaol ini te, Al,si"U·~OH), .\tos! suble ~1a!, min~nl 
lIIile Complcx hyJrous ... hilc miel; ahen to bolinilc 
or montmorl:ionitc 
Vermiculite Comrlu hplrous biotite; aitcralion producl of 
chlori te Ind biOlile, Ind ahen 10 uol inilc 
or mon tmOrillonite 
Clllo!ilc Complu; mostl)· I primary miner.1 in su,facc 
Jcposil' Ind soils ( i. ~., celie;; from p'reol 
rock); lnst stable of Ihe cll)' mineral.; 
Ihers rrldily 10 any or 211 of the Olhen 
'\Iontmorillooi tc Complex ''''el1ing el l y Ihll readily ab.orb. iron, 
m~gnCJium, C'lIkium. sodium. hrdro~)'I, 01' 
Olher ion.; ahen to k~ol in ilc; alteration : 
proJUCl of ehlorite, "crmicul;\e, and illite 
. .flu",;""", ,ilicaUJ ,e,tlr ;1'0". "' .. ,,,t.i,, .... or ctllei"," (dark minerals); all pr imary in sunacr d~posilJ 
and so;l. 
Bioc;tc (duk mia), 
K(.\tg.Fe) ,(AI,Si.,)O,,,(OH,f): 
Hornblende: one of a ser;n of m;net1I, 
a iled amphiboles, 
(Cl,Na,Fe"'1g.AI),(AI,Si)"OdOH): 
AUg;ce": one: of ~ st.;"s of minentl. 
ulJed p~·rOll.ncs, 
C~Mg,Fc""IXAI,Si~O~ 
Olivine, (.\IgFe):Si01 
Tourmaline, gunel 
.\fal~tri"", sili(a't 
Se~nt i"", Mg.,.5 i,O,,,(OH). 
,\lost t uil), "'(lthtrtd 0' th~ dark minerals; 
celdi!r lh.red 10 \'crmiculile 
Mon: pc"ii\elll than aug ite 
More pcninent than oI ;\,;nt 
leUI persistent of the dut min~rals 
reniSlent 
Primal")' 01' J«onJ3ty; sublc 
I 
W 
" I 
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b) Secondary minerals. 
The secondary (or exogenic) minerals in surficial material are 
formed by the precipitation of elements freed during weathering and by 
partial alteration of primary minerals. Secondary minerals include fine 
grained aluminosilicate clay minerals, and iron, manganese and aluminium 
oxide clays, as well as insoluble secondary oxides, carbonates, sulphates, 
chlorides, silicates and native metals. The stability of various secondary 
minerals is largely dependent on the physical and chemical conditions in the 
weathering environment. The relative stabilities of minerals (including 
the secondary minerals) in residual weathering products is summarized in 
Table 3.2. 
The clay minerals, which are the principal secondary minerals in 
many surficial deposits, are hydrated silicates of aluminium, iron and 
magnesium arranged in various combinations of tetrahedral and octahedral 
sheets. Variations in the combination of sheep structures and in their 
chemical composition (Krauskopf, 1979; Rose, Hawkes and Webb, 1979; and 
S·irkeland, 1974) gives rise to a large number of clay minerals with diffe-
rent chemical and physical properties. Silicon and aluminium form the 
basic framework of the clay minerals. The presence of Si and AI in 
solution, which depends on the rate of their release by weathering from 
primary minerals and more importantly on the rate of leaching from surface 
environments, controls the amount and type of clay minerals formed. The 
presence of other cations, largely dependent on the rock types being 
weathered and the degree to which the cations are mobile in the secondary 
environment, also controls the type of clay mineral formed. The sequence 
of formation of claY 'minerals, in relation to the degree of weathering and 
to the primary aluminosilicate minerals present, is shown in Fig. 3.2. 
The formation of Kaolinite is favoured by extensive leaching and removal 
of Na+, Ca++, Mg++, K+, and many trace elements in acidic, well drained 
environments. Montmorillonite is formed in neutral to alkaline environ-
ments, such as occur in waterlogged ground or semi-arid regions, which 
have incomplete leaching and retention of bases. 
The small grain size of clays and their ability to adsorb cations 
have important affects on the distribution of trace elements in the surfi-
cial environment. The clay particles are generally within the size range 
of colloids, and can thus be suspended in water for long periods and 
flocculated by electrolytes. They have variable cation exchange 
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capacities which allow them to absorb ions, including some trace metals, 
from so lution. The adsorbed irons are weakly bonded and may be replaced 
by others when the concentration of the solut ion changes. The cation 
exchange capacity of clays increases with pH and montmorillonite, in 
aklaline conditions, is thus capable of adsorbing significant amounts of 
trace metals. The presence of clays in surficial materials, especially 
montmorillonite, decreases their permeability. 
Fig. 3.2. 
Microcline 
orthoclase 
'" .= and others 
. Muscovite 
.~ - Micas 
c • 
-- ~ ~ ~ Biolite 
« 0 
,.., ~ -----
~ 8 Soda-lime 
&: 0; feldspars 
~ augile 
~ hornblende 
.~ and others 
'" 
Hot wei climoles (-5i) 
Ropid remova l of bases 
Rapid removal of boses 
Hoi wei climates (-Sil 
Degree of weathering increases 
, 
Weathering products of primary minerals, and the sequence of 
forming clay. From Rose, Hawkes and Webb (1979). 
Iron, aluminium and manganese, released during weathering, are 
insoluble under the normal pH and Eh conditions of the surficial environ-
ment and form secondary oxide and hydroxide minerals. (Table 3.2) The 
ubility of the hydrons oxides, which are common products of weathering, to 
adsorb or co-precipitate trace metals makes them an important factor affect-
ing the distribution of trace metals in the surficial environment . The 
geochemical properties of iron, aluminium, manganese and silica, and their 
relative solubi lities under different pH and Eh conditions in the surficial 
environment, as well as the accumulation of insoluble Fe and Al oxides, 
silica, and Ca and Mg carbonates to form duricrusts, and the effects of 
the duricrusts on geochemical exploration, are discussed in detail by 
Friggins (1979). 
Gossan, massive residual hydrous Fe-oxides (limonitic material) 
with some quartz, secondary silica and clay, is a common weathering product 
of Fe-bearing sulphides and carbonates. The mineral composition of the 
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gossan depends on the degree of oxidation and leaching. The original 
sulphide (eg. pyrite, marcasite, pyrrhotite, arsenopyrite, chalcopyrite) 
and carbonate (eg. siderite and ankerite) minerals may be completely 
destroyed and the ore metals completely leached. Gossans derived from 
economic sulphide deposits may, thus, be similar to the ironstones formed 
by normal weathering concentrations of insoluble Fe-oxides. The weather-
ing of sulphide deposit and the nature and composition of the gossans formed 
are reviewed by Blain and Andrew (1977). 
A wide variety of secondary minerals can be formed in the zone of 
oxidation during the weathering of mineral deposits (Table 3.3.). The 
minerals formed depend on the chemical and physical conditions in the 
weathering environment, and on the original composition of the deposit 
and the country rock. The secondary minerals are generally crystalline 
and once formed they tend to be resistant to chemical decomposition. 
They are not as easily dispersed as clay minerals, but fragments of 
secondary ore minerals are common in residual surficial material near 
ore depos its • . 
c) Soluble products. 
The constituents released by the decomposition of primary minerals, 
which are not required for the formation of insoluble minerals, are removed 
in solution from the site of weathering. The constituents in solution 
reflect the composition of the parent material and the physical and chemical 
conditions in the weathering environment. They remain in solution until 
the conditions in the secondary environment change and cause the precipita-
tion of insoluble secondary minerals. Adsorption onto clays, Fe-, AI-, 
and Mn-oxides and organic matter can also remove soluble constituents from 
solution. 
The products of weathering are dispersed in the surficial environ-
ment by biological and hydromorphic migration during soil formation,and the 
movement of ground and surface water and by mechanical means during erosion 
and transport of surficial material. The dispersion of the weathering . 
products derived from mineral deposits results in the formation of secon-
dary dispersion halos in the surficial environment. The dispersion halos 
comprise higher than normal concentrations of indicator elements which 
include target and pathfinder elements. Target elements are those that 
form the main components of economic interest in a given type of deposit. 
Table 3.3. 
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Secondary ore minerals formed in the zone of weathering. 
(From Peters, w.e. (1978), Exploration and mining geology, 
John Wiley-and sons. 
On:: Mineral Associa tio ns in the Zone or Oxidation, Excludj"C Supergene and Relict Sulfides (Minerab in italics arc: 
C(lmmC'n : minerals in parcnlhnc:s arc: rcsistatcs) • 
Element 
Aluminum 
Antimony 
Arn:nic 
Beryllium 
Chromium 
Cobalt 
Copper 
Gold 
Iron 
Lu' 
Manganese ' 
Mercury 
Molybdenum 
Nickel 
Niobium-
Tantalum 
Pl:11inum 
R ;m~ Eanhs 
Silver 
Thorium 
Tin 
Titanium 
TUngSlen 
Vanadium 
Uranium 
Zinc 
Zirconium 
Oxides 
"bQuxjl~" 
RiMsi" 
dlaspo,~ 
bOf'hmi" 
senannontite 
eervantilt: 
valenlinite 
.. "antimony b loom" 
arscnolite 
.. "arsenic bloom" 
(('nmmit,) 
cobaltian "wad" 
cupritt 
Itflorilt 
" ('opper pilch" 
"/imo";It" 
,""hilt 
",moli/l.' 
/l.'pidf1("rfH, 'ilt 
(mognl.'li(l.') 
minium 
- "ted lead" 
manitot 
. ' "lead ocher" 
plallnerile 
"wod"' 
psi/omtlant 
p,.,rolusirt 
(hausmannite) 
(manganile) 
montroydile 
ftrn'mal.l'bditt 
ilscmannile 
(niobi [e_[an[al ite) 
(Ih"rinnit.,) 
kllSSil(fill.') 
- "wood tin" 
hydroeauiterite 
(,ulild 
(ilmenite) 
IUng5lite 
gummite 
ur(ln ;nit, 
Carbonates 
malarhite 
Dl)Iritt 
siderite 
ctruuilt 
smillu,.nifr 
hydrozincite 
Silicates 
r:hrystX:(I/fQ 
(braunite) 
(Ihllrite) 
uranophane 
sklodovskile 
Sulfates 
chalcanthitc 
,nllerile 
bronchantitc: 
]inarite 
o",ltSilt 
plumbojarosite 
urnnopil itc: 
zippeite 
hl.'mimorphil, goslan"te 
- "calamine" 
(zi rcon) 
Other 
Arsenic 
seorodiu (hydrous Fe-
arsenate) 
tryl"rilt (hydrous 
arsenate) 
.. "cobalt bloom" 
Copper 
atacamite (halide) 
turquoise (phosphate) 
(Gold) 
vivianile (phosphate) 
WU/ftfl'" (molybdate) 
vanadinite (halide with V) 
pyromorphite (phosphate) 
mimelitc: (ehlor-arsenate) 
Mtrcury 
calomel (halide) 
po ... tllit, (Ca-molybdate) 
wu/f,,,;1t (Pb-molybdate) 
o,,"obtrgilt (hydrous 
a rsenate) 
'!' "nickel bloom" 
(P/aliflum) 
(SiI.',,) 
c,rorgyrit, 
(mona:itt) (Th-rare earth 
phosphate) 
(fChnfiu) (Ca,tun&state) 
vanadinile (halide with Pb) 
descloizite (complex 
vanadate) 
carnotite (K-vanadate) 
autuni te (Ca-phosphate) 
torbcmite (Cu'phosphate) 
tyuyamunite (Ca-
vanadate) 
corfiOlilt (K-vanadatc:) 
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Pathfinder elements are the elements in a mineral deposit or associated 
rocks which, by reason of diffe r ing properties (eg. mobility, ease or 
eco nomy of analysis), may act as guides to mineralization. (Butt and 
Smith, 1979). The chemical mobility of the elements involved will 
affect the behaviour of the elements during dispersion and, thus , control 
the type of dispersion halo formed, the size and shape of the dispersion 
haol, the anomaly contrast and the extractability of the anomalous elements 
in the surficial material. 
Mobile elements are those elements which are partitioned to natural 
waters during weathering and can thus be easily dispersed from the site of 
weathering. The relative mobility of elements depends on their mode of 
occurrence in natural waters. Elements which form stable solutes and 
suspensoids in water, or occur as components that do not react rapidly, 
will be most mobile. Those that occur as less stable forms in water, such 
as ionic constituents, tend to be more easily precipitated by immobile 
phases and, thus have a lower effective mobility. The highly mobile 
elements will tend to be removed from the weathering environment, while 
less mobile elements are precipitated at various distances from the 
source and form hydromorphic anomalies in soils and stream sediments. 
Immobilized elements (Butt and Smith, 1979) are those elements 
bound in solid phases which are limited to mechanical dispersion. They 
include elements in resistant primary minerals, elements forming major 
components of secondary minerals, elements which form minor components 
of secondary minerals (eg. incorporated in clay lattices or co-precipitated 
with Fe-oxides) and elements incorporated in organic matter. 
The chemical mobility of elements in the surficial environment , 
and consequently their hydromorphic dispersion, varies considerably from 
one location to another. The factors affecting the aqueous migration of 
elements in the surficial environment are discussed by Rose, Hawkes and 
Webb (1979, Chapter 8) and by Beus and Grigorian (1977, pp 41 - 47). 
The major factors which should be evaluated during orientation studies 
in order to interpret geochemical surveys in a particular environment 
are summarized below. 
a) pH and Eh values of surfi~ial environments . 
The pH and Eh of water in the surficial environment are largely 
responsible for the mobility of elements and their differentiation during 
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transport . Acid or weakly acid waters with a pH of less than 6 are parti-
cularly favourable for the migration of many trace elements found in mineral 
deposits. The strongly acid solutions formed during the weathering of 
sulphide deposits are capable of transporting elements which are normally 
only weakly mobile. The distances over which the elements are transported 
depends on the rate at· which solutions are neutralized by the material 
through which they migrate. Metallic elements can be precipitated as 
oxides and hydroxides by increasing the pH. The pH of precipitation 
of many transition elements occurs within the pH range of natural waters 
(Fig. 3.3), while the pH of precipitation of alkali and many alkali-earth 
elements is above the natural range. 
Fig. 3.3. 
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pH 
Approximate position of some natural environments as characterized 
Eh and pH. From Rose, Hawkes and Webb (1979). 
The oxidation - reduction potential, which refers to the concentra-
tion of electrons in the environment, affects the valence state of elements. 
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Eh is a convenient measure of the oxidation - reduction potential. The 
properties (eg. solubility) of elements with more than one valence state 
change considerably with a change in valence state. Eh thus has an 
important effect on the mobility of some elements (eg. Fe2+ and Fe3+) 
in the surficial environment. 
The relative mobilities of elements in the surfic ial environment, 
based on Eh and pH, is shown in Fig. 3.4. The classification is, however, 
only an approximation as a number of other factors will affect the mobility 
of elements in the aqueous phases of various environments. 
Fig. 3.4. 
RELATIVE ENVIRONMENTAL CONDITIONS 
MOBILITIES 
Oll:idiling Acid N~trol toAlkaline Reducing 
VERY ~ I 1( :I.J .~ ~ 1<.:1. I. Brl HIGH 
I Is. III Is. nl ~ I~t". V . U , Sto, ReI 
HIGH [ Mn. V. U. St-, R.!J [~", V. l!. y, R" I 
]c .... Sa, ~flf. F. Sr. K ... I § .. ~. ~ht. f. sill 1< :,.. Sa, \fl(. FSO§] g: •. Sa, \ilr. F. Sr. K3 
~ ~ 
, ii' :" . (·" .Xi.HI( . .'!.~ 
\ 
MEDIUM ( :u , (:' " SL H!:. AI:. Au 
I fl.,. C.t! Li;::till I As, (".dl 
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Relative mobilities of the elements in the surficial 
environment. From Levinson (1974). 
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b) The presence of precipitation agents . 
The ability of a solution to oxidize or reduce ions depends on the 
presence of constituents such as free oxygen, organic compounds, hydrogen 
sulphide, ions of ferric and ferrous iron, and bivalent and tetravalent 
manganese. These constituents tend to control the course of oxidizing 
- reducing reactions and thus affect the mobility of many elements. The 
abundance and form of C and S in solution, which are in turn depend~nt on 
the pH and Eh of the environment, control the mobility of many elements by 
the formation Qf insoluble compounds. The presence or absence of hydrogen 
sulphide in reducing has a marked. effect on the relative mobility of many 
elements (Fig. 3.5). 
RELATIVE 
MOBILITIES 
Very Mobile 
K- 10·100 
Mobile 
K- 1-10 
Slightly Mobile 
K-0.1-1.0 
Immobile 
K - <0.1 
Notes: .' 
. 
. 
ENVIRONMENT At CONDITIONS 
Reducing Gley Reducing, 
Oxidizing (pH> 4) (v.ithout hydrogen sulfide) Hydrogen Sulfide 
S. CI, Br, I, B. He. Rn CI. Sr, I, B. He, Rn CI. 8r.l. B,'He, Rn 
Ca, Na,Mg. F,Sr,Zn. Ca,Na,Mg,F,Sr, Ca,Na,Mg,F,Sr 
U. Mo, V. Se . Te. Re Mn2+. Zn. Cu. Ni. Ph, 
Cd 
Si. K. Mn, P. Sa, Li. 
Rb. Cs. Pb. Ni. Cu, 
Co. As. Cd, TI. Ra, 
'Hg, Ag 
Fe; see foolnole 3 
Fe2+ . Co, Hg, Ag, Si. 
K. P. Sa. Li, Rb, Cs, 
As, Tl. Ra. Hg, Ag 
U. Mo. V. Se, Te. Re 
Si . K. P, Sa. Li. Rb. Cs. TI, 
R, 
S. V, Mo. Se. Te. U, Re, 
Mn. Zn, Cu, Ni, Pb. Cd, 
Fe. Co, As, Hg, Ag 
L ..... · Iri . the oxidizing and reducing gley environments: 
• 1 " 
(a) Zn, Cu. Ni. Ph and Cd are mobile or slightly mobile as long as the pH is less than 7; these ele-
ments are precipitated in an alkaline environment (pH of hydrolysis. TabJe 3-6, p. 128) , 
(b) Hg and (A$?) are slightly mobile in both acid and alkaline environments. 
2. Although most elements listed above are assumed to trayel as ions , some (e.g .. Mo, U. V. Se. Re) ~~ay-
el as complexes, such as, Mo042- and U02(COJ)i-. . '. 
J. The following elements are considered chemically immobile in all common aqueous enyironments (pH 
> 4. oxidizing and reducing); AI, Ga, Cr, Ti. Zr, Hr, Y. rare-earths, Nb, Ta, Be, Th, Sn. Pt·group, Au . . 
Fig. 3.5. Relative aqueous mobilities of selected elements in the 
surficial environment. From Levinson (1980). 
c) The formation of complexes. 
The mobility of elements may be increased in certain environments 
(eg. Zn and Pb in alkaline solutions) by the formation of mobile complexes 
with other elements or radicals. A wide variety of complex hydroxy - and 
oxy -ions are formed in alkaline solutions by metallic elements. Beus and 
Grigorian (1977) suggest that solutions in the supergene zone exhibit wide-
spread complexing and that the complexes generally favour the solubility of 
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meta Is. The effect of ionic mobility are considered to be of lesser 
importance. 
d) Adsorption and ion exchange on colloidal particles. 
Iron, aluminium and manganese oxides and hydroxides, organic matter, 
clays and silica are the most common natural materials occuring as colloidal 
particles. The small particles can adsorb significant amounts of trace 
element ions from solutions. The adsorbed ions may move into the lattice 
sites of the particles by ion exchange. Scavenged elements are immobilized 
in soil and stream sediments by flocculation of the colloidal particles . 
The mobility of the trace element is, thus, controlled by the behaviour of 
the sorbent and not by the concentration in the solution of the element 
being adsorbed. Highly mobile elements (see Figs. 3.4 and 3.5) may be 
precipitated in this way, while immobile elements, which are only slightly 
soluble, may be concentrated in certain enviroments. The adsorbed elements 
are generally weakly bonded and are readily extractable in weak aqueous 
reagents. 
e) Organic matter. 
Organic matter occurs in all soils, stream sediments and natural 
waters and can be a major constituent of the materials in some environments. 
Simple organic compounds and humic substances, even in 
important effects on the chemistry of trace elements. 
small amount, can have 
The effects include 
the complexing of trace ions by dissolved organic matter resulting in increased 
mobility of the elements. Organo-metallic complexes (chelates) can be 
formed in the surficial environment and many of these chelates are soluble. 
The chelates which migrate in soils are readily assimilated by plants and 
contribute to the distribution of elements by biological factors. Adsorp- . 
tion or formation of insoluble organic compounds can immobilize some 
elements. Reduction of elements to lower valence states by organic matter 
results in changes in tile chemical properties of the elements and affects 
the i r mobil i ty . 
The chemical mobility of elements has a major effect on their 
mechanical and biological dispersion due to the interaction of the mobile 
aqueous phase with immobile and mobile clastic phases in the surficial 
environment (Fig. 3.6). The dispersion of elements by mechanical, 
hydromorphic and biological factors during soil formation, groundwater 
movement, and erosion and transport of surficial material, as well as 
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the charqcteristic dispersion halos which are formed, are discussed in the 
following ~ections. 
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3.1.4. R~sidual soil profiles, gossans and residual anomalies. 
Residual surficial material is characterized by the organization 
of its constuents and properties into layers related to the daylight surface. 
The layering grades upwards from weathered bedrock, in which the residual 
and insoluble products of weathering are essentially in situ, to the near 
surface zones where the weathering products are redistributed by the process 
of soil formation. The soil forming process (Fig. 3.7) is essentially a 
continuation of the weathering process with the addition of biologic activity, 
vertical transfer of material and removal of some constituents. The 
processes responsible for the developement of soil profiles are discussed 
by Birkeland, 1974 (pp 103 - 122). The formation of soil profiles can 
only take place in areas where the rate of erosion is less than the supply 
of material and the rate of soil-formation. 
Fig. 3.7. 
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A flow chart of the major processes of soil profile development. 
From Birkeland (1974). 
The zone of weathering, below the level of biologic activity, 
consists of parent material in various stages of decomposition. The 
deepest horizon (Fig. 3.8) comprises essentially solid bedrock, of 
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variable thickness, which is discoloured by Fe oxides and in which incipient 
alteration of silicate minerals to clays can be seen. The incipient decom-
position is concentrated along joints and fractures, with the extent of 
alteration gradually increasing upwards from fresh parent material. Bed-
rock which has been exposed to long periods of deep weathering may be 
completely altered to secondary minerals, generally clays, while still 
retaining the original bedrock structures. This chemically altered, but 
coherent, in situ material is referred to as saprolite. The soluble 
constituents of the saprolite are entirely leached, with a resultant 
relative accumulation of insoluble constituents and resistant primary 
minerals. The weathered bedrock, or saprolite if it is developed, 
grades into a horizon of weathering products in which the original rock 
structures are disturbed. The horizon is not significantly affected by 
biologic activity and may be the site of absolute enrichment of 
weathered material by the precipitation of iron oxides, silica or calcium 
carbonate in suitable environments. 
The weathered profile developed over various types of sulphide 
deposits results from the decreasing effect of oxidizing ground water 
with depth. The profile developed is largely dependent on the climate, 
the depth and fluctuation of the water table, the physico-chemical nature 
of the ore and host rock, and on the local and regional geomorphology. 
The complex interplay, ·over time, of these factors results in the formation 
of widely different sulphide-oxide profiles which may include all or some 
of the zones indicated in Fig. 3.1 and Table 3.1 . 
Gossan massive limonitic and jaspilitic capping. 
Oxide zone - characterized by leaching of mobile elements 
in the upper portions and the formation of 
secondary minerals at deeper levels where 
oxide enrichment may take place. 
Supergene Sulphide zone the reducing environment below the water table 
can be characterized by secondary sulphide 
enrichment due to introduction of metals 
leached from the oxide zone. 
Transition zone 
Primary ore 
characterized by the incipient alteration of 
primary ore minerals. 
- unweathered parent material. 
Blain and Andrew (1977) compiled a series of type profiles, based 
on a review of the principle ma ssive sulphide ore associations, which can 
be used as a basic guide to the various types of sulphide-oxide profiles. 
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Ironstone are an important feature of weathered profiles, as deeply 
weathered massive and disseminated su lphide deposits are commonly represented 
by leached jaspiliiic gossan or by iron_rich oxide assemblages which bear 
little resemblance to the primary deposi t. Ironstone may, however, be 
developed from a wide range of lithologies by physical and chemical conver-
gence during weathering. (Andrew, 1978, pp 5) The field relationships, 
as well as mineralogical and textural features of ironstones, can often be 
used to recognize gossans related to sulphide deposits, as opposed to in situ 
and transported ironstones derived from unmineralized rocks (Blanchard, 1968). 
The major and trace element geochemistry of ironstones can be used to: 
a) distinguish gossans from other ironstones in deeply weathered 
profiles where saprolites and laterites are present (eg. Western Australia) 
b) recognize gossans where field relationships and textural 
features are not diagnostic 
c) distinguish between gossans derived from pyrite/pyrrhotite 
deposits and those derived from sulphide deposits containing significant 
base metal · mineralization. 
The geochemical evaluation of gossans can be based on quantitative 
techniques (e.g. Moeskops, 1977) and is far less subjective than evaluation 
based on physical and textural criteria. The interpretation of ironstone 
geochemical surveys, however, ha s to be based on orientation surveys as the 
geochemical characteristics of gossans and ironstones are highly variable on 
both regional and local scales . The orientation surveys should investigate 
the trace element geochemistry of various types of ironstones in the area 
of interest, particulary gossans associated with known mineralization, in 
order to select a suite of elements which characterize specific types of 
ironstones. Easily determined elements which can differentiate true gossans 
should be used in routine surveys (e.g. the target elements), with the other 
trace elements only determined in uncertain cases (Moeskops, 1977). The 
major element geochemistry of ironstones is not diagnostic of the parent 
material, but the relationships between major and trace elements can be 
important aids in the interpretation of ironstone geochemical surveys. 
The relationships which should be considered include : 
a) High silica content indicates dilution of the Fe content and 
tends to reduce the trace element content. 
b) A high Al content is indicative of the presence of clay minerals 
which can adsorb trace elements. 
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c) The coincidence of high Mn and trace element contents is 
often indicative of scavenging by manganese hydroxides, whereas true gossSins 
are often characterized by high Fe and coincident trace element concentrations. 
Ironstone and gossans, including their geochemical characteristics 
and other features affecting exploration, are discussed by Blanchard (1968), 
Blain and Andrew (1977) and Friggins (1979). 
The upper horizons of a mature soil profile have well developed 
layering and show the least correlation with the parent material. The A 
horizon (Fig. 3.8) is characterized by the accumulation of organic matter 
near the surface. The decaying organic-matter (humus) lowers the pH of 
vadose water percolating downwards through the soil. The acidic ground~ 
water leaches the soluble components and eluviates clay and humus from the 
lower portion of the A horizon forming a characteristically light coloured 
layer. The B horizon is characterized by illuviation which results in the 
accumulation of clay, iron oxides and fine grained organic matter. The B 
h.orizon has a characteristic compact structure, is generally dark brown-red 
in colour and may be concretionary. 
The weathering products from mineral deposits are dispersed in 
residual soil profiles where they form syngenetic geochemical anomalies 
directly overlying the mineral deposit. The anomalies are a reliable, 
direct and straight forward guide to buried mineralization as the primary 
geochemical pattern is generally expressed in a recognizable fashion. 
The interpretation of residual secondary dispersion patterns is, however, 
complicated by the behaviour of the target and pathfinder elements during 
the dynamic processes taking place in the surficial environment. The 
behaviour of the elements is largely related to their mobility and effects 
the following characteristics of the syngenetic anomalies in residual soils: 
a) The mode of occurrence of the target and pathfinder elements. 
Immobile elements are incorporated in the coarser fractions of 
residual soil materials as components of resistant primary minerals and 
stable secondary ore minerals. The mobile and semi-mobile elements 'tend 
to be leached from the soil profiles and are only retained as firmly 
bonded minor components of clays and hydrous Fe- and Mn-oxides. They 
are thus concentrated in the finer fractions of the ,soils. The residual 
soil anomalies are characterized by relatively strong bonding of the 
indicator elements. 
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b) The intensity and contrast of anomalies. 
The range of trace and minor elements generally encountered in soils 
derived from common parent materials is shown in Figure 3.9. The ranges 
indicated are, however, only a guide as the trace element content of sOils is 
dependent on the element abundances in the parent material and on the effects 
of the weathering and soil-forming processes. The intensitY'1 and contrast 
of syngenetic soil anomalies will tend to reflect the contrast between the 
mineral deposit and the country rocks. Factors related to the mineral 
deposit (e.g. the mineralogy and grade of the deposit, the degree of oxidation 
and leaching of the sub-outcrop, variations in the composition and permea-
bility of the wall-rock lithology, etc.) and factors related to the surficial 
environment (e.g. the type, depth and maturity of soil profiles, topography, 
drainage, climate, etc.)cause variations in the intensity and contrast of the 
anomalies. Orientation studies must thus be carried out to establish the 
characteristic intensity and contrast of anomalies related to mineral deposits 
in the exploration area in order to recognize significant anomalies. 
, , 
, , 
0 . 01.1... __________________ .....I.....L.-'-L 
Fig. 3.9. Range of abundance of trace elements commonly found in soils. 
Dashed lines indicate more unusual values. From Levinson (1974). 
c) The variation of trace element content with depth. 
Background and anomalous contents of elements vary with depth in the 
soil profile due to partitioning of weathering products into various horizons 
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by soil forming processes. The distribution of elements is dependent on the 
physical and chemical properties of the soil profile (e.g. Fig. 3.10) and on 
the mobility of the target and pathfinder elements. The distribution of 
elements in soil profiles is largely a function of local conditions and general-
izations about the distribution of a particular element in any soil type can 
be misleading. Orientation studies should be used to determine the distri-
bution of elements in soils in an exploration .area in order to select the 
optimum horizon for sampling. The variation of elements with depth in the 
soil profile can complicate the interpretation of geochemical soil surveys if 
care is not taken to sample from a constant soil horizon. 
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Fig.3. 10 Generalized repres~nlation of the distribution of copper in four different 
types of soil. Distributions for pod;ol. chernozem and chestnut soils are based on data 
from the Soviet Union (Vinogradov, 1959). The laterite distribution is based on data 
from Zeissink (1971). In the laterite profile, insufficient information is available for the 
A horizon to permit generalizations. All values in ppm. 
From Levinson (1976). 
d) The lateral extent of residual soil anomalies. 
The lateral extent and shape of residual soil anomalies reflects 
the original size of the primary geochemical pattern related to the mineral 
deposit, plus the effects of secondary dispersion. Residual anomalies in 
flat areas reflect the shape oJ the primary dispersion pattern. The C 
horizon generally shows limited dispersion, although chemical dispersion 
in the zone of weathering can be significant under favourable conditions 
(e.g. Scott, 1975, in Rose, .Hawkes and Webb, 1979, pp 274). Dispersion 
in the A and B horizons of the soil profile is caused by normal soil 
forming processes, by groundwater movement, by mechanical factors such as 
soil compaction and soil creep and by biological factors. The residual 
anomalies in the upper zones of the soil profile will thus tend to be 
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larger than the primary geochemical halos. (Fig. 3.1) 
of dispersion in the soil profile is a function of local 
mobility of particular elements under those conditions. 
The actual amount 
conditions and the 
Dispersion tends 
to decrease the intensity of residual geochemical anomalies. 
e) Distortion of residual anomalies by denudational processes. 
Relief has a major affect on the lateral extent of anomalies due to 
increased mechanical and hydromorphic dispersion. Dispersion halos in soils 
will only be located directly above mineral depOSits in flat areas where 
residual soil is essentially in situ. Soils derived from the weathered 
bedrock will tend to be transported down slopes by the denudational processes 
responsible for the development of landforms (Corbett, 1978). The denuda-
tional processes affect the surface layers of surficial material over large 
areas of hill slopes, and differ from the processes of erosion which are 
confined to linear drainage courses. The main processes of denudation are 
surface wash by the run-off of excess precipitation and gravitational 
processes such as soil creep and solifluction as well as rapid flow, slip 
or free fall of surficial material. The dispersion caused by surface wash 
generally only involves the selective removal of material from the surface 
of residual soil. The gravitational processes involve mass movement of 
unconsolidated material and can have a profound affect on the characteris-
tics of secondary geochemical halos, particularly residual soil anomalies. 
The recognition of soils transported by denudational processes is 
often difficult, but for reconaissance purposes most soils derived from 
bedrock can be considered as essentially in situ. Soils derived from 
overburden of remove origin (e.g. alluvial, .glacial and aeolian overburden) 
pose serious problems for the interpretation of geochemical surveys. 
The interpretation of detailed soil surveys should, however, always be 
based on an investigation of the local soil profiles and landforms in 
order to antiCipate the effects of denudational processes on geochemical 
anomalies. The nature and developement of landforms is reviewed by 
Corbett (1978) and the effects of mechanical dispersion by denudational 
processes on residual anomalies is illustrated by Rose, Hawkes and Webb 
(1979, Chapter 9). 
f) The homogeneity of residual anomalies. 
The homogeneity of residual anomalies in mature soils depends 
largely on the grain size and distribution of the constituents containing 
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the indicator elements. Discrete grains of resistant primary or secondary 
minerals tend to give irregular anomalies, while a more regular distribution 
is characteristic of anomalous constituents associated with finer grained 
material (e.g. clays, hydrous oxides) which are normally more evenly distri-
buted in soil horizons. The distribution of the indicator elements in the 
bedrock may be the major control on the homogeneity of anomalies in immature 
so i Is. 
The type of soil profile developed in an area is a function of five 
major factors which interact to cause variations in the idealized profile in 
Fig. 3.8. The factors, which are discussed by Birkeland. 1974, are: 
a) Climate - particularly rainfall and temperature. 
b) Organisms - vegetation and animals. 
c) Topography - relief, landforms and drainage. 
d) Parent material - bedrock, weathered rock and transported 
overburden. 
e) Time - including tectonic and climatic changes. 
The regional balance between the factors defines physiographic pro-
vinces with diagnostic trends in weathering and soil formation. Local 
variations within a region are, however, responsible for a range of weathering 
profiles and soil types having different properties and chemical characteris-
tics which affect the.characteristics of secondary dispersion halos. 
Classification and mapping of local soil types and profiles based on the 
characteristics, such as colour, texture, composition, content of organic 
matter, trace element distribution, structure bulk density, permeability and 
porosity, cation exchange capacity and soil pH, of the various soil horizons 
is essential for the interpretation of detailed soil geochemical surveys. 
General descriptions of soil classification, genesiS and characteristics 
are given by Birkeland (1974) and Hunt (1972). The classification of 
South African soils is described by Macvicar and de Villiers (1977) and 
the principles involved in field studies of soils are described by Clarke 
and Beckett (1971). 
3.1.5. Ground water in the surficial environment and hydromorphic anomalies. 
Ground and surface water, derived mainly from precipitation, is an 
important component of the surficial environment. The various classes of 
water in the surficial environment and their relative movements are illustrated 
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in (Fig. 3.11). Surface water which plays a major role in the denudation, 
erosion and transport of surficial material is discussed in the sections on 
transported and drainage anomalies. The effect of ground water on the pro-
cesses of weathering and soil formation has already been indicated. The 
soluble products liberated during these processes are transported by ground 
water and hydro-geochemical anomalies are caused by concentrations of mobile 
elements in ground water in the vicinity of weathering mineral deposits. 
The mobile elements are precipitated by changes in the chemical environment 
(e.g. seepage areas) where they form bonded epigenetic anomalies. 
The water-table is the upper limit of completely saturated litho-
spheric material and forms a subdued reflection of the topography. The 
depth of the water-table varies according to local conditions and it may 
occur near the surface in wet, poorly drained areas or it may be hundreds 
of feet deep in arid areas. Seasonal variations in supply and recharge 
by precipitation results in fluctuations of the water-table. The height 
of the water-table and the precipitation - evaporation ratios in an area 
affect the development of soil profile,s (Fig. 3.12), as well as the leaching 
and precipitation of mobile trace elements in the surficial environment. 
Open 
sysfem 
Precipitation exceeds 
evaporation 
Water table 
near surface 
Water table 
variable 
CF 
WT 
Closed 
system 
Dry 
'Evaporation exceeds 
precipi~ation 
Fig. 3. 12. Water regimes, which affect soil development are controlled 
partly by the precipitation-evaporation ratio and partly by 
the height of the water table (WT) and capillary fringe (CF). 
Direction of water movement is shown by arrows. At the two 
extremes are the open and closed systems that form, respectively, 
acid and alkaline soils. Conditions are mixed where water 
tables are sufficiently shallow for the capillary fringe to 
moisten the soil or where the height of the water table 
fluctuates seasonally. From Hunt (1972). 
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Vadose water, which occurs in the zone of aeration between the 
water-table and the surface, tends to be oxidizing and acidic due to the 
presence of dissolved oxygen, carbon dioxide and humic acids from the 
atmosphere and the soil profile. The acidic water, particularly near 
weathering sulphide deposits, tends to leach mobile elements from the 
weathering products and to cause their redistribution by vertical movement. 
Residual soil anomalies may be re-inforced by the evaporation of ground 
water and the precipitation of mobile elements. Plants use vadose water 
from the soil and accumulate trace elements from the water by transpiration. 
The accumulated elements in plants are added to the soil by decomposition 
of plant material. During wet periods the vadose water, together with 
dissolved mobile elements, moves through the soil profile to recharge the 
water-table. 
The movement of ground water below the water-table is related to 
the hydraulic gradient and to the permeability of the rocks and tends to be 
slow. Surficial material and permeable sedimentary rocks are good acquifers. 
Crystalline igneous and metamorphic rocks have low porosity and their permea-
bility is largely due to interconnected joints and fractures. The ground 
water tends to be reducing and alkaline, but the pH and Eh of the water, as 
well as the trace element content, can vary depending on the composition and 
reactivity of the material through which it moves. 
Ground water moving away from mineral deposits can contain anomalous 
concentrations of mobile elements. The extent, intensity and contrast of the 
hydrogeochemical anomalies is largely dependent on the mobility of the 
elements in the deposit and on the physico-chemical characteristics of the 
gound water. The dominant factor affecting the mobile element content of 
ground water is pH, which is strongly influenced by bedrock composition. 
Water moving through carbonate rocks will tend to be neutral to alkaline, 
limiting the mobility of elements and the extent of hydromorphic anomalies. 
Igneous rocks, .on the other hand, have little effect on the pH of the ground 
water resulting in greater mobility of elements. The mobile elements tend 
to remain in solution and be transported until the ground water passes into 
a different chemical environment with a resultant accelerated precipitation 
of insoluble co~pounds. Ground water up-drainage from the precipitation 
barrier will contain hydromorphic anomalies, while below the barrier anoma-
lous elements will be associated with clastic material. 
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Seepage areas, where the ground water moves to the surface, are 
important precipitation barriers. The seepage areas generally occur along 
the break - in - slope of surface drainage basins and are commonly the site 
of epigenetic anomalies in soils, in vlei sediments and in the seepage muck 
of springs. The form and location of seepage anomalies is, however, control-
led by the local relationships between relief and the water-table. The 
elements in seepage anomalies occur as components of precipitated hydrous 
oxides and as readily soluble components of the fine-grained fraction of the 
surficial material. Organic matter and clays in seepage areas of poorly 
drained soils are important adsorbents of mobile elements. The elements 
present in seepage anomalies and the intensity and contr~st of the anomalies 
is dependent on the mobility of the target and pathfinder elements in the 
local surficial environment 
The large amounts of organic matter accumulated in bogs and swamps 
is an important precipitation barrier. Mobile elements contained in ground 
and surface-water tend to be accumulated in bogs and swamps. The pH and Eh 
of bogs and swamps have complex vertical and lateral patterns which cause 
variations in trace elements accumulated in various parts of the swamp. The 
major consideration is that bogs and swamps normally have much higher mobile 
element contents than surficial material and will appear anomalous in relation 
to other drainage sediments or to surrounding soils. 
3.1.6. Geochemical dispersion patterns in drainage systems. 
Primary geochemical patterns are reflected in drainage systems by 
mechanical and hydromorphic dispersion of weathering products in the catch-
ment areas. The processes of denudation and erosion supply clastic material 
to the streams from the surficial environment of the catchment areas. The 
clastic material is transported by traction, saltation and suspension in the 
streams. The active stream sediments may be temporarily or permanently 
immobilized by deposition at various locations along the drainage system. 
Water, containing soluble weathering products, is supplied to the drainage 
systems by the surface run-off of excess precipitation and by a base-flow 
of ground water in areas with a shallow water-table. The soluble constitu-
ents may remain in solution and be hydromorphically dispersed in the drainage 
water, or they may be precipitated and added to the active or immobile sedi-
ments in the drainage system. Material from the catchment areas is, thus, 
firstly concentrated in the drainage systems and .then dispersed down the 
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drainage system. The characteristics of the disperion patterns formed are 
largely dependent on the balance between the mobile liquid phase, the active 
stream sediments and immobile material in the drainage systems. (Fig. 3.6) 
Mineral deposits in the catchment areas of drainage systems are 
reflected by anomalous contents of mobile elements in water and by dispersion 
trains of anomalous sediments in favourable environments. The anomalous 
elements in active stream sediments are derived by the denudation, erosion 
and transport of anomalous clastic material from weathered mineral deposits, 
gossans, residual and transported soil anomalies, and hydromorphic anomalies 
in seepage sediments, and by the precipitation or adsorption of mobile elements 
in anomalous stream water. Ano.malous elements in stream sediments may occur 
in the following clastic materials: 
a} Resistant primary ore and gangue minerals which are generally 
dense and are, thus, concentrated in the heavy mineral fraction of stream 
sediments (e.g. cassiterite, wolframite, magnetite, garnet, etc.). Native 
metals (e.g. gold) and meta-stable ore minerals (e.g. sulphides) may also 
b~ present. 
b} Secondary ore minerals, gossan fragments and other secondary 
weathering products containing immobile elements. The secondary minerals 
tend to be relatively friable and become finer grained down stream, resulting 
in winnowing and loss into the water. 
c} Precipitates from stream water (e.g. insoluble trace minerals 
and Fe- and Mn-oxides) which commonly coat the surfaces of clastic grains or 
occur as very fine particles in suspension in the stream water. The trace 
minerals precipitated tend to remove mobile elements from solution and limit 
the extent of hydrochemical anomal tes. Precipitation barriers, such as 
the mixing of stream waters of different pH, can cause false stream sediment 
anomal ies. 
d} Exchangeable elements adsorbed on Fe- and Mn-oxides, organic 
matter, clay particles, or other phases. This fraction readily equilibrates 
with the stream water and reflects the concentrations in the water at the 
samp Ie site. 
e} Organic material with incorporated indicator elements. 
The relative proportions of the different types of anamalous constit-
uents in the drainage sediments depend on the nature of the anomaly source 
'. 
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and on the dispersion history of the sediments. The various types of 
anomalous constituents tend to be associated with different size and com-
positional fractions of the drainage sediments. The proportion of resistant 
primary and secondary minerals to hydromorphically derived constituents with 
weakly bonded indicator element affects the ease of extractability of the 
anomalous elements. 
The stream sediment composition at a particular pOint in the drainage 
system represents a natural composite of the material in the catchment area 
upstream. The contrast and intensity of anomalies in the stream sediments 
depends on the contrast and intensity of the source anomalies and on the 
amount of dilution by material derived from barren sources. The maxImum 
content of anomalous constituents generally occurs where ground water rich 
in indicator elements enters the drainage system or where streams intersect 
anomalous surficial material or mineral deposits. The indicator element 
content of the sediments or -stream water falls fairly rapidly to background 
values above the pOint of entry of anomalous constituents. The recognition 
of the cut-off point is an important factor in the interpretation of drainage 
anomalies as the mineral deposit occurs up-drainage of the maximum anomalous 
values. Downstream of the entry point the content of anomalous constituents 
in sediments and water shows a progressive decline as a result of natural 
dilution. 
The form of the downstream decay pattern of sediment anomalies is 
similar for anomalies of mechanical or hydromorphic origin. The principle 
factors affecting the persistence of a dispersion train are the contrast at 
the source, the input of indicator elements along the stream course and 
dilution by erosion of bank material and by confluence with barren streams. 
The characteristics of dispersion trains are also affected by unequal erosion 
rates in the drainage basin, resistance to erosion of various rock types and 
mineral deposits, the indicator element content of alluvial and colluvial 
bank material and the size of barren streams compared to anomalous streams . 
The effects of dilution may be reduced, and the length of detectable dis-
persion trains enhanced by separating barren material (e.g. quartz) from 
sediment samples. Dispersion of the different types of anomalous constit-
uents (e.g. heavy mineral fraction or fine grained fraction) may vary and 
dispersion trains can be enhanced by concentrating certain fractions of the 
stream sediments. 
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The pH of stream waters, which effects the mobility of many elements, 
influences the characteristics and length of dispersion trains. The effect 
of pH is particularly important in limestone environments where the mobility 
of metals is reduced and dispersion trains are characteristically of limited 
extent. Dispersion trains may be further complicated by the scavenging and 
co-precipitation of indicator elements by iron, manganese and organic carbon. 
Elements leached from normal rocks, particularly in poorly drained areas with 
reduced pH and Eh, are concentrated in ground water and may cause false anom-
alies when precipitated by organic matter or hydrous iron and manganese oxides 
in more acidic and oxidizing stream waters. Anomalous concentrations of metals 
unrelated to mineral deposits are frequent occurrences in areas of impeded 
dra i nage. 
The homogeneity of stream sediment anomalies is largely dependent 
on local differences in the grain size and mineralogy of the sediments and 
on the mode of occurence of the anomalous elements. Lateral variations in 
element content are caused by sorting of the sediments as a result of differ-
ential transport and deposition. Vertical inhomogeneity is caused by 
deposition of different types of material due to seasonal changes in stream 
velocity and the supply of anomalous and barren material. 
Geochemical dispersion patterns in drainage systems are also reflected 
by the compos i ti on of stream and I ake waters and lake sediments. The,' 
dispersion patterns in water and lake sediments are, however, more complex 
than those in active stream sediments. The use of hydrogeochemical and 
lake sediment geochemical surveys is only advisable where stream sediments 
cannot be successfully used (e.g. the glacially disorientated drainages of 
the Canadian Shield). Dispersion patterns in lake sediments and drainage 
water are described by Levinson (1974) and Rose, Hawkes and Webb (1979) and 
will not be considered in this dissertation. 
3.2.0. 
3.2.1. 
Environmental Factors. 
Geological factors as an environmental control and false 
geochemical anomalies. 
The use of surficial material for geochemical exploration is based 
on the fact that secondary dispersion patterns reflect the primary geo-
chemical patterns. However, features such as texture, porosity, permeability 
and the composition of rocks and mineral deposits affect the processes active 
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in the surficial environment. 
control and the interpretation 
Geological factors are , thus, an environmental 
of secondary geochemical patterns can only be 
successful if the geology of the exploration area is taken into account . 
Anomalous geochemical dispersion patterns in the surficial environ-
ment are often formed by features other than mineral deposits. Geological 
factors, such as rock units with significantly different concentrations of 
indicator elements, can cause ·apparent anomalies in the surficial environ-
ment (Fig. 3. 13). Geochemical patterns unrelated to bedrock composition 
can be formed by environmental features such as changes in soil type, human 
activity, climate, relief and vegetation. The interpretation of secondary 
geochemical patterns requires an evaluation of the relative balance between 
geological and environmental facto rs affecti·ng the geochemical landscape of 
an area , which requires an understanding of the geomorphology of an area, as 
well as the geology. 
Fig. 3.13. Idealized model showing the effect of rock type change on 
the geochemistry of overlying soils and sediments. 
3.2.2 . 
From Bradshaw (1975). 
The position of mineral deposits and primary dispersion patterns 
relative to the surficial environment. 
The processes operating in the surficial environment are limited 
to a relatively shallow zone of the lithosphere. The level of concealment 
of ore deposits and primary geochemical patterns during the evolution of the 
landscape and at the present time has a fundamental control on the secondary 
dispersion patterns related to the deposit. 
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Lovering and McCarthy (1978) compiled a series of generalized 
landscape geochemistry models which illustrate the increasing difficulty 
of locating deposits with increased complexity of concealment (Fig. 3.14). 
The models are based on case histories of geochemical exploration in the 
Basin and Range Province of the U.S.A. and only the basic concepts can be 
applied to other areas. The models do, however, indicate the interpreta-
tion of geochemical surveys should consider the tectonic and depositional 
history of the region being investigated. The tectonic history will 
indicate the level and complexity of concealment of mineral deposits 
likely to occur frequently within the area being evaluated. 
EXPLANATION 
fJ[] ~ - b~1i~ff~@j ~ Soil Host rock. sedimentary Ore Alteration over ore Shale 
or igneous 
8JTI ." " ... ". ~ ~.~o;".~ ~; "i9O' 0 ~ ~ t)" 
Pre-ore volc:.anics Post-ore unconsolidated Post-ore volcanics Sandstone or mudstone 
alluvium 
o • B o 0 • , m 
Sandstone or Umestone or other 
conglomerate sediments 
.. 
-
Impermeable sediments 
other sediments 
Fracture or fault zone 
with lale movement 
Sketch diagrams of ore targets, in order of increasing complication of concealment: 
1 = outcropping mineralization, or concealed only by residual soil; 2 = alteration in host 
rock above mineralization; 3 = ait~ratio!1 in pre-ore volcanics overlying suboutctop of 
mineralization; 4 = unconsolidated overburden over suboutcrop of mineralization; 5 = 
post-ore volcanics over suboutcrop of fault-controlled mineralization with post-volcanic 
movement along fault; 6 = unmineralized sedimentary rocks overlying mineralization; 
7 = sub outcrop of mineralization beneath impermeable sediments; 8 = alteration in host 
rock over mineralization concealed beneath unconsolidated overburden. 
Fig. 3.14 A and B. Concealment of mineral deposits (A) and some conceptual 
geochemical models illustrating the geochemical halos 
which can be used to locate outcropping and buried 
mineral deposits (Fig. 3. 14 B, next page) . 
From Lovering and McCarthy (1978). 
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byerO&ion. 
,.olcanic roc:u - Type 5. 
Fig. 3.148. conceptual 
targets. 
geochemical models related-to concealment of are 
From Lovering and McCarthy (1978). 
-67-
Mineral deposits are commonly concealed by relatively recent 
deposits of glacial debris, alluvium, colluvium, peat, windborne material, 
and volcanic debris, which effectively prevent any direct observation of 
mineral deposits that occur at the surface of the bedrock. The type and 
thickness of the transported overburden are the dominant factors effecting 
the development and nature of secondary geochemical halos. Mineral deposits 
covered by thick overburden are screened from the surficial processes of 
weathering and soil formation. Dispersion patterns are, however, developed 
in transpo~ted overburden by mechanical and hydromorphic processes . 
The mechanical dispersion of particles derived from the erosion of 
mineral deposits results in syngenetic anomalies in the transported over~ 
burden. The mechanical movement of the solid particles by ice, water or 
wind, responsible for the transported overburden, forms dispersion halos 
in the direction of transport. The dispersion halos are best developed 
in the immediate vicinity of the source and decay rapidly with distance 
.. as a result of dilution by barren material. The syngenetic anomalies 
are comprised of fragments of mineralized rock, resistant ore minerals, 
and mobile elements locally dissolved and reprecipitated in the transported 
overburden. The anomalous material may be derived by direct physical 
erosion of the mineral deposit, by erosion of anomalous residual overburden, 
or by reworking of earlier anomalous transported overburden. Sygenetic 
anomalies derived directly from primary and residual geochemical halos, 
which are the best developed and most easily interpreted type, are only 
developed in the basal horizon of layered transported overburden (e.g. 
Fig. 3.15). 
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Pleistocene glaciation in Canada and the approximate 
distribution of residual and non-residual soil (cross 
hatched) 1. Continental ice cover. 2. Valley glaciated 
areas. 3. Unglaciated areas. From Bradshaw et al (1972). 
Modern soil profiles are commonly developed on transported 
overburden and resemble residual soils developed over weathered bedrock. 
Geochemical dispersion patterns in soils developed on thick transported 
overburden will reflect the geochemical patterns in the overburden and 
not the primary geochemical patterns. 
Epigenetic anomalies are formed in transported overburden and 
soils where primary and secondary dispersion patterns below or in the 
transported overburden are subjected to hydromorphic and biologic dispersion. 
The mechanism of formation and the characteristics of the epigenetic 
anomalies are the same as those developed in residual overburden, although 
interpretation may be complicated by the derivation of epigenetic anomalies 
from transported sygenetic anomalies. 
The interpretation of geochemical surveys in areas with transported 
overburden requires careful evaluation of the source of the overburden, the 
mode, direction and distance of transport of material, as well as the factors 
such as element mobility, climate and topography, soil types and profiles, 
etc., which must be considered in the interpretation of residual secondary 
geochemical anomalies. The factors affecting the .interpretation of geo-
chemical anomalies in transported overburden have been extensively 
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investigated in the glaciated terrains of Canada and Scandinavia, 
Levinson (1974 Ch. 11), Bradshaw et al. 1972 and Kauranne (ed. 1976) 
and reference to these studies is recommended for an understanding of 
the basic principles involved in geochemical exploration in areas of 
transported overburden. 
Bradshaw et al (1972) defined three areas in Canada, on the basis 
of glacial history, which have fundamentally destinct geochemical links 
between the primary and surficial environments (Fig. 3.16). The valley 
glaciated areas of the Canadian Cordillera are typified by transported 
overburden comprised of thin locally derived till. Sygenetic and 
epigenetic anomalies are developed in the till near most mineral deposits. 
The transported overburden shows similar geochemical characteristics to 
residual overburden with minor dislocation and smearing of mechanical 
anomalies and occasional blanketing of geochemical expression in areas 
of thicker overburden. The continentally glaciated areas of the Canadian 
- Shield, on the other hand, are geochemically more complex due to a number 
of pleistocene glacial events resulting in variable mechanical dislocation 
of overburden and the presence of transported glacial overburden of remote 
origin. The, deepest till horizons tend to have anomalies of local deriva-
tion similar to those in the Canadian Cordillera, but large areas are 
effected by the deposition of a number of till horizons or by stratified 
drift of glaciofluVial 
patterns. (Fig. 3.15) 
origin which tend to mask the primary geochemical 
The thickness of locally derived till has little 
effect on the secondary geochemical halos, but the thickness of overburden 
of remote origin is an important factor . 
The distance of transport and the thickness of transported over-
burden such as colluvium, alluvium, and aeolion sand, are also the major 
factors affecting the development of syngenetic anomalies. The composi-
tion and permeability of transported overburden affects the development 
of hydromorphic anomalies. Till, colluvium and coarse sandy alluvium 
are generally permeable and epigenetic anomalies can be readily formed 
by ground water movement. Clay layers in transported overburden impede 
the movement of water and can effectively stop the development of epi-
genetic anomalies at the surface. 
Dispersion in aeolian deposits has not been widely investigated, 
but in general aeolian sands tend to mask geochemical anomalies by dilu-
tion of local material with sand derived from relatively distant sources. 
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The arid environments in which aeolian sands are normally deposited, tend 
to retard the development of epigenetic anomalies due to deep water-tables. 
Weak hydromorphic anomalies related to evaporation of vadose water could 
be developed in aeolian sands. 
3.2.3. The effects of climate on the characteristics of the surficial 
environment. 
The climate of an area is a measure of the average and extreme 
conditions of temperature, moisture, wind, pressure and evaporation over 
a long period of time. The regional climate directly affects the amount 
and nature of ground and surface-water and the depth of the water-table in 
an area. The type and amount of vegetation, the nature and depth of 
weathering, and the characteristics of residual soil profiles are also 
largely dependent on the regional climatic conditions. Climate is, thus, 
an important factor affecting element mobility and secondary dispersion . 
.The climate of a region, particularly the temperature and precipitation, 
can therefore be used to predict some of the expected characteristics of 
secondary dispersion halos. The generatizations based on prevailing 
climatic conditions are, however, only a broad indication of the expected 
surficial processes and dispersion patterns in a region. Local variations 
in climate, ' caused by factors Such as altitude, relief and proximity to 
ocean currents, and the balance between the effects of climate and other 
environmental factors affecting secondary dispersion should be evaluated 
in order to interpret a particular geochemical survey. The major effects 
of changes in the regional climatic conditions on the broad characteristics 
of the surficial environment are illustrated in Fig. 3.17. 
a} The effects of climate on weathering, soil profiles and 
residual anomalies. 
The processes of weathering and soil formation and the resulting 
soil profiles and residual anomalies discussed in section 3.1.0. are largely 
based on the characteristics of the surficial environment in temperature 
regions. Temperate, humid climates favour active chemical weathering, 
leaching of mobile constituents and the formation of well drained podsolic 
soil profiles (Fig. 3.8). The open chemical system active in the surficial 
environment favours the development of well defined residual, hydromorphic 
and biological geochemical dispersion patterns in the vacinity of mineral 
deposits. 
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Regions with hot, humid climates and abundant vegetation are 
characterized by rapid, deep weathering and extensive leaching of mobile 
constituents. The soil profiles are characteristically thick and freely 
drained. The upper horizons are acidic and extensively leached, due to 
abundant decomposing vegetation, and the B horizon is characterized by 
enrichment of Fe and AI. Residual dispersion halos are generally well 
developed in the B horizon of sub-tropical soils and can be successfully 
used for geochemical exploration, although the thickness of the leached 
horizon may cause practical problems. Hydromorphic dispersion is favoured 
by free movement of acidic ground water and epigenetic anomalies in the 
soils of seepage areas (e.g. in the dambos of Zambia described by Webb 
and Tooms, 1959 are good indicators of mineral deposits). 
Prolonged weathering and leaching in tropical environments results 
in the development of lateritic soil profiles which are characterized by 
the accumulation of Fe- and AI-oxides and the removal of all other elements, 
including silica. No obvious relationships between soil chemistry and 
bedrock chemistry are retained in the lateritic profiles due to the gross 
redistribution of elements involved in their development. Mineral 
deposits in deeply weathered lateritic environments are thus only reflected 
by dispersion halos in the lower portions of the saprolite horizons. The 
effects of tropical soil profiles and laterites on geochemical exploration 
are described by Friggins (1979). 
The very low and erratic precipitation of desert and semi-desert 
regions has a significant effect on the characteristics of the surficial 
environment. Chemical weathering, although aided by high temperatures, 
tends to be limited by low moisture content, deep water tables and sparse 
vegetation. Physical weathering is dominant in very dry deserts where 
the surficial cover consists mainly of gravel, rubble and wind blown sand 
between large areas of bare rock outcrops. The soils of less arid 
regions are generally poorly developed and coarse grained with a large 
proportion of rock fragments and a low content of organic matter. The 
soil profiles form closed chemical systems as evaporation generally 
exceeds precipitation and water does not move downwards to the water 
-table. Mobile constituents are retained in the sOils which are 
characterized by the accumulation of calcium carbonate and other slightly 
soluble salts. The limited leaching of arid soils (pedocals) results in 
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a high proportion of primary and secondary ore minerals in residual 
dispersion halos which tend to be limited in extent, but have high con-
tents of indicator elements. Hydromorphic anomalies are generally not 
developed due to limited movement of alkaline ground water, except for 
elements which are mobile in alkaline environments (e.g. uranium). 
The calcrete layers developed in arid and semi-arid environments only 
have limited effects on the development of, residual dispersion patterns 
and do not impede geochemical surveys (Joyce, 1976, pp. 151). The 
clacrete normally contains coarse fragments of ore or gossan in the 
vicinity of mineral deposits and may be used as a consistent sampling 
horizon. Calcrete layers developed by later transport of calcium 
carbonate (valley calcrete) and those which are commonly developed on 
deeply weathered landsurfaces by changes to drier climatic conditions 
can mask primary geochemical patterns (Friggins, 1979, pp. 96). 
The cold, wet (tundra) and cold, dry (polar desert) climates 
.are characterized by a slow rate of weathering and slow decomposition 
of organic matter. Leaching is inhibited by low precipitation and by 
permafrost. Soil profiles are generally poorly developed and factors 
such as frost heaving and other cryogenic processes disrupt and destroy 
layering in the soil profiles. Impeded drainage due to glacial action 
and to permafrost conditions results in the extensive deve'lopment of bogs 
and gley soils. The presence of transported overburden of glacial origin 
is an important feature of regions with cold climates. The use of geo-
chemical exploration in regions of cold climate with a history of glacial 
action requires special considerations and many of the factors involved 
are discussed by Bradshaw (1975.), Bradshaw et al. (1972) Levinson (1974) 
and Kauranne (1976). 
b) The effects of climate on dispersion in drainage systems. 
The balance between precipitation and evaporation in an area con-
trols the amount of surface and ground water in the surficial environment. 
High rainfall areas, with precipitation in excess of evaporation, have 
relatively shallow water-tables, free movement of ground water and permanent 
surface drainage. Chemical weathering and acidic natural waters favour 
the formation of true and colloidal solutions, which increase element 
mobility, and hydromorphic dispersion trains associated with fine grained 
stream sediments are better developed than mechanical dispersion trains. 
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In regions of low, seasonal rainfall smaller drainages have only intermit-
tent flow and hydromorphic dispersion is limited. 
Mechanical dispersion of mineral grains, and rock and gossan 
fragments with the coarser grained stream sediments is characteristic of 
environments where evaporation exceeds precipitation. The dilution of 
the fine grained fraction of active stream sediments by aeolian sand is a 
further feature affecting the dispersion trains of desert environments. 
Huff (1971) and Lovering and McCarthy (1978) discuss the characteristics 
of dispersion trains in various drainage sediments in arid environments. 
3.2.4. The effects of relief on the characteristics of the surficial 
environment. 
The elevation of the land surface is a function of tectonic processes 
affecting the earth. The dynamic processes of the surficial environment 
act on uplifted lithosphere to reduce differences in elevation caused by 
tectonic activity. The balance between the accumulation of surficial 
material by weathering and soil formation, the removal of unconsolidated 
material by denudation, erosion and transport, and the accumulation of 
transported material by deposition is controlled by elevation and relief. 
The effects of relief on the characteristics of the surficial 
environment and secondary dispersion patterns are generally gradational 
within an exploration area, but the general trends can be illustrated by 
considering areas of high, moderate and low relief seperately. 
a) Areas of high relief. 
Mountainous terranes often have pronounced changes of climate and 
vegetation related to changes in altitude between the peaks and the valley 
areas. Relief affects the rainfall patterns of an area. Micro climatic 
conditions and vegetation are also affected by the angle and direction of 
slopes. The climate and vegetation changes cause large variations in the 
balance between weathering and erosion. In general, the steep slopes and 
large differences of elevation in mountainous terranes favour physical 
weathering and mechanical dispersion of surficial material. The higher 
peaks, particularly those above the snow line, are characterized by bare 
rock faces, as debris tends to be removed by denudation at a faster rate 
than it can be formed by weathering. Chemical weathering, even in climatic 
conditions favouring vigorous chemical attack, tends to be concentrated on 
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the decompostion of mechanically dispersed fragments. Mineral deposits 
and primary dispersion halos, thus, tend to be exposed at the surface and 
secondary dispersion halos are largely composed of primary and secondary 
ore minerals and mineralized rock fragments. 
Mountain sOils vary from poorly developed rocky soils in actively 
eroding areas to zonal soils in areas of accumulation. Relief and altitude 
combine to impart specific modifications to the zonal soil type most nearly 
characteristic of the local climatic conditions. Residual dispersion 
patterns in areas of high relief are complicated by a number of factors 
which make the interpretation of soil geochemical surveys difficult and 
reduce their value as an exploration technique. The factors include: 
1) Active movement of material by soil creep and other denuda-
tional processes which distort and disrupt residual halos. Transported 
soils and colluvium are common and tend to cover geochemical patterns in 
areas of accumulation. 
11) Truncated soil profiles, due to variations in the rates of 
erosion and denudation, caused by tectonic instability, further complicate 
the interpretation of geochemical patterns. 
111) Leaching is dependent on the relative rates of weathering 
and erosion which are highly variable in mountainous terranes. 
The drainage systems of mountainous terrane have steep gradients 
with active erosion in the catchment areas and rapid transport of sediments. 
Mechanical dispersion patterns are characteristically developed in the 
drainage systems. Hydromorphic patterns are only significant in tropical 
areas where element mobility is increased by rapid chemical weathering and 
a high content of organic compounds and humic substances in ground and 
surface-waters. The well developed drainage systems, active erosion and 
generally well defined mechanical dispersion patterns, as well as the fact 
that streams are the main access routes, make stream sediment sampling the 
best geochemical exploration method in areas of high relief. The loss of 
fine sediments in fast flowing streams can affect dispersion patterns in 
areas of rapid chemical weathering, but dispersion trains in coarse material 
are generally well defined. The use of the coarse stream sediment fraction 
for geochemical exploration is particularly favourable in mountains with 
cold and/or dry climates where physical weathering and mechanical dispersion 
are the most active surficial processes. 
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Large volumes of colluvial and alluvial overburden tend to accumu-
late in valleys or on alluvial fans where the drainage systems leave the 
mountains. The factors affecting geochemical exploration in areas of high 
relief with significant amounts of colluvial and alluvial overburden are 
illustrated by the models of the Basin and Range Province described by 
Lovering and McCarthy (1978). The effects of glaciation in mountainous 
terranes are illustrated by the geochemical landscape models of the 
Canadian Cordillera compiled by Bradshaw et al. (1972t 
b) Areas of moderate relief. 
The characteristics of the surficial environment and dispersion 
patterns discussed in section 3.1.0. are largely based on the ideal 
situation encountered in areas of moderate relief. The processes of 
weathering and soil formation of these areas are largely dependent on 
the climate and vegetation as there is generally a balance between the 
accumulation of weathering products and the removal of material by 
. denudation and erosion. Residual geochemical patterns are well developed 
on the interfluves of drainage systems and are only locally transported 
by denudational processes on slopes. Local variations of soil types 
between upland and valley areas are developed, but the effect of different 
soil types on geochemical dispersion patterns is limited. Humid areas 
of moderate relief are characterized by free movement of ground water and 
the formation of hydromorphic dispersion patterns, particularly in well 
drained hilly country. The development of deep leaching profiles is 
favoured by moderate relief in tropical regions. 
Hydromorphic dispersion patterns in fine grained drainage sediments 
are typical of the well deve:loped drainage systems of humid regions with 
moderate relief. Deep water-tables and infrequent flow of streams limit 
hydromorphic dispersion in dry areas, but the dry streams can still be 
used for geochemical exploration if the characteristics of mechanical 
dispersion patterns in various size and compostional fractions of sediments 
are evaluated (Huff, 1971). 
c) Areas of low relief. 
Areas of low relief are characterized by the stagnation of . the 
processes normally active in the surficial environment. Sluggish ground 
and surface-water movement slows down the mechanical and hydromorphic 
-77-
dispersion of weathering products. Shallow water-tables, particularly in 
river valleys, result in the formation of water logged gley soils in humid 
areas and saline soils in more arid areas. Accumulation of transported 
overburden in low lying areas tends to mask primary geochemical patterns. 
Large regions of low relief are generally not favourable areas for 
geochemical exploration. They can be divided into the following broad 
categories which pose different problems for geochemical exploration. 
1) Flood plains and internal drainage basins. Transported 
alluvial cover and waterlogged or saline sOils are the major factors 
affecting geochemical exploration. 
11) Uplifted areas of flat lying sedimentary or volcanic rocks 
(e.g. the Great Plains of North America) where the surficial geochemical 
patterns reflect only the upper sedimentary or volcanic units. 
111) Continentally glaciated areas (described in section 3.2.2.). 
1V) Erosion surfaces. The affects of erosion surfaces on 
geochemical exploration are discussed in section 3.2.5. 
3.2.5. The effects of tectonic history and environmental changes on 
secondary dispersion patterns. 
The interpretation of geochemical dispersion patterns in the 
surficial environment requires an evaluation of the evolution of the 
landscape through time. The major environmental factors affecting 
the processes active in the surficial environment undergo gradual changes 
with time and affect the evolution of the landscape. The characteristics 
of secondary dispe~sion patterns associated with a particular type of 
mineral deposit in Western AU,.tralia are, thus, different from those 
associated with a similar deposit in the Canadian Shield, in spite of 
similar primary dispersion patterns. The characteristics of secondary 
dispersion patterns can be predicted by evaluating the landscape evolution 
of the area in which the deposit occurs. The tectonic and climatic 
history of an area are the major variables which affect the characteristics 
of geochemical dispersion patterns in the surficial environment. 
Tectonics control the level of exposure of primary geochemical 
patterns and the relief of an area. Tectonically active regions are 
characterized by high relief which favours erosion and denudation. 
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Surficial material is actively removed from higher areas and deposited as 
transported overburden in low lying areas. The energy of the environment 
is recharged by continued tectonic instability and the system remains 
dynamic. Tectonic stability, on the other hand, allows the processes of 
erosion and denudation to reduce the relief of the landscape. The 
balance of the surficial processes is shifted such that erosion and 
denudation of material are matched by accumulation of surficial material 
from weathering and soil formation. The environment reaches a state of 
dynamic equilibrium and drainage systems form regional base levels. 
Prolonged tectonic stability results in the denudation of the landforms, 
the development of erosion surfaces and the stagnation of the surficial 
processes. 
Climate controls the rate at which the various processes of the 
surficial environment proceed and the. affects of climate are superimposed 
on the erosion cycle described above. Climatic changes, which are 
indirectly related to tectonics by processes such as continental drift, 
uplift of land · masses and orogeny, may complicate or destroy earlier 
geochemical dispersion patterns in the surficial environment. 
The secondary geochemical patterns of tectonically active regions 
can generally be interpreted in terms· of recent environment controls due 
to continual rejuvenation of the landscape. The Basic and Range Province 
described by Lovering and McCarthy (1978) serves as an example. The 
geochemical patterns of the area are largely related to physical weathering 
and mechanical dispersion in an arid environment caused by the rain shadow 
of the Seirra Nevadas. Freshwater lake-bed sediments, preserved in the 
alluvium of the basins, are evidence of an earlier humid climate, but 
rapid erosion due to tectonic instability has destroyed the influence of 
humid climatic conditions on the geochemical dispersion patterns of the 
ranges. 
The secondary geochemical dispersion patterns related to present 
envi ronmeri:kcontrols may be superimposed on the effects of earl ier env i ron-
ments in tectonically stable areas. The resultant complexity of dispersion 
patterns is strikingly illustrated by leached deep weathering profiles 
associated with erosion surfaces in arid environment. The erosion surfaces, 
such as the land surfaces of Southern Africa discussed by Corbett (1978), 
are developed by the mature phases of the erosion cycle characterized by 
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the stagnation of processes in the surficial environment. Deep weathering 
profiles commonly associated with the erosion surfaces are developed by 
highlYactiYe surficial processes during earlier phases of the erosion 
cycle. Mabbutt (in Butt and Smith, 1979) makes the following statement 
in connection with deep weathering profiles in areas of low relief in 
Austra I i a: 
"Many deep profi les are, however, conformable with landforms of 
appreciable relief, and weathering may in fact be accentuated by topography 
as shown by deeper kaolinitic profiles at piedmont junctions and beneath 
valleys, due to heightened influent seepage and increased ground water flow. 
Deep kaolinitic weathering need not therefore imply base levelling, and 
certainly not a situation close to sea level." 
The geochemical patterns in regions of relative tectonic stability must, 
thus, be interpreted in terms of the geomorphological evolution of the 
region, and not only in terms of the present environmental conditions. 
The interpretation of geomorphologically complex enviroments 
requires the establishment of a starting point from which the evolution 
of the geochemical landscape can be evaluated. The simplest example of 
a regional geochemical base level is the Quaternary glaciation of North 
America, Europe and Asia. The characteristics of secondary geochemical 
dispersion halos in the regions can be interpreted in terms of the glacial 
history and subsequent environment conditions as illustrated by Bradshaw 
et at (1972) and Kuaranne (1976). The geomorphological evolution of 
Australia and the characteristics of the associated geochemical dispersion 
patterns, described by Butt and Smith (1979), serves to illustrate the 
principles involved. 
The landscape evolution in parts of Australia has resulted from 
250 m.y. of subaerial exposure. Permian glaciation, similar to the 
Quaternary glaciation of the Northern Hemispher, gave a fresh start to 
the landscape evolution. The Western Plateau and interior Lowlands of 
Australia (Fig. 3.18) were tectonically quiescent, except for epeirogenic 
movement during the period from the Permian. The epeirogenic movements 
allowed marine sedimentation during late Mesozoic and Tertiary submergence, 
with subaerial weathering during the intervening periods of upl ift. The 
Eastern Uplands, however, were tectonically active with significant 
Mesozoic-oligocene uplift. 
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Fig. 3.18. Regional environmental sub-divisi ons of Australia. 
From Butt and Smith (1979). 
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Exposed bedrock was subjected to weathering under a range of 
climatic conditions during the period since the Permian glaciation . The 
Mesozoic climate was broadly temperate to warm, becoming humid tropical or 
subtropical in the Oligocene-Miocene. The more stable areas developed 
a mantle of deep lateritic weathering under the influence of the humid 
climates. The tectonically active areas were characterized by continued 
dissection during and after the major periods of deep weathering. A trend 
to aridity has characterized the climatic conditions since the Miocene. 
The arid conditions spread from the centre of the continent. The present 
climatic conditions reflect the trend to aridity (Fig 3.18) which was 
accompanied by extensive planation and partial erosion of the deep 
weathering profiles. The arid and semi-arid regimes resulted in 
declining competence of rivers, deposition in the river valleys, 
choking of the drainage systems and the development of playa-lakes 
and internal drainage. The present arid and semi-arid conditions of 
central Australia are characterized by the formation of calcrete, creek 
laterites and siliceous hardpans (Fig 3.18). The warmer and more 
humid climates of the peripheral regions are characterized by active 
weathering and erosion. Deep weathering profiles are still being 
developed in some areas and are being actively eroded in other areas 
(Fig. 3.19). 
The combined affects of tectonism and climatic change in 
Australia have resulted in a wide range of landform situations characterized 
by different geochemical dispersion patterns which are largely controlled 
by the state of erosion of the deep weathering mantle (Fig . 3.20). The 
characteristic expression of mineralization in the surficial environment 
of various landform situations is illustrated by the conceptual geochemical 
models and case histories presented in Butt and Smith (1979). The 
Australian models, and the studies by Corbett (1978) and Friggins (1979) 
have significant implications for the understanding and interpretation 
of the geochemical landscape in southern Africa. 
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4.1.0. 
4.1.1. 
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4.0.0. SAMPLING FACTO RS . 
Berman1s corollary to Robert 1s axiom : 
1I0ne man I s error is another man I s data 1\. 
The Design of Geochemical Exploration Programmes. 
The basic concepts of sampling design. 
(Bloch, 1980) 
Geochemical exploration techniques. invol ve the measurement of one 
or more chemical properties of samples of naturallyoccurring material. 
The re sults obtained and their distribution are used to indicate the occur-
rence of a mineral deposit or favourable area s in which mineral deposits may 
occur. The procedure may be regarded as a chain of events having three 
links viz. sample collection, sample analysis, and interpretation of geo-
chemical data. The entire exploration procedure is worthless if any of 
the links is incorrectly carried out. Sample collection is a critical 
phase in that the later steps in the procedure are largely based on the 
samples and information collected during the sampling programme. The 
importance of reliable sampling is further emphasized by the following 
facts : 
a) Sample collection is the most expensive part of geochemical 
exploration projects. 
b) Detection of unreliable samples at a later stage in the 
exp loration procedure is difficult. 
c) The resampling of an area is just as expensive as the initial 
sampling as labour and transport are the major cost factors. 
The interpretation of geochemical data involves both geological 
and statistical inference, and successful interpretation is , thus, largely 
dependent on the design of the sampling programme. The sampling design 
should be done with particular interpretation methods in mind and should 
be sufficiently fle xible to permit a progressive sequence of increasingly 
complex interpretative attempts. The objectives and budget of the over-
all exploration programme, the characteristics of the deposits sought, the 
geological and geomorphologi cal factors that influence geochemical disper-
sion patterns, and the statistical requirements of samples have to be 
cons idered in making decisions on the followhg basic concept ~ of sample 
collection: 
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a) The type of material to be collected during the sampling 
programme. (What?) 
b) The geological and geomorphological locations from which 
the materi&l should-be collected and the relative spatial distribution 
of sample locations. (Where?) 
c) At what stage during the exploration programme a particular 
type of sample should be collected. (When?) 
d) 
e) 
The sampling method to be used. (How?) 
The qualifications required of the sampler. 
Property not controlled Property controlled 
Lar9t oreas Acquisition of larqe oreos 
of inltnSI conCISSIOI'lS of interest 
~ 
Option or Local areas 
purchase of int"trest 
~ 
Orilllof;fls 
Option or 
Drill IOfqets 
purchase 
Fig. 4.1. Sequence of operations in an 
exploration programme. 
(Who? ) 
From Rose, Hawkes and Webb (1979). 
The design of geochemical exploration programmes will depend mainly 
on the objectives of the overall exploration effort and will essentially 
involve reconnaissance exploration surveys, detailed surveys and physical 
surveys (Fig. 4.1). Geochemical surveys, irrespective of the type of 
-85~ 
survey, must be del iberately planned as "an important aspect of exploration 
is the matching of a particular method to the objectives of a survey and 
the environment in which the survey will be conducted" (Levinson, 1980). 
The fundamental factors which should be considered in planning a geochemical 
survey have been enumerated by Joyce (1976, pp 115 - 124) and summarized 
by Levinson (1980, pp 787 - 790). The topics are listed in Table 4. 1, 
but the reader is referred to the original texts for details. 
Table 4.1. . Factors that should be considered during the planning of 
Geochemical Surveys. 
1. Decision on the type of ore deposit sought. 
a) Primary ore mineral(s). 
b) Associated minerals and elements. 
c) Probable localizing structures or rock types. 
d) Predicted grade and size of the deposit. 
2. Decision on what type of dispersion pattern to utilize. 
(Refer to Sections 2.0.0. and 3.0.0.) 
3. Choice of the element or elements to be analysed. 
(Refer to Section 5.3.1.) 
4. Choice of sample material and method of collection. 
(Refer to section 4.2.0.) 
5. Choice of suitable sample spacing. 
6. Choice of an appropriate analytical technique. 
(Refer to section .5.0.0.) 
7. Integration of theoretical and practical considerations. 
8. Choice of data to be recorded. 
9. CtiClite of interpretation methods. 
(Refer to Section 6.0.0.) 
10. Recommendations on follow-up studies to assess anomalies. 
The use of statistical inference during the interpretation of 
geochemical surveys places further constraints on the sampling design. 
Joyce (1974) summarizes the statistical requirements involved as follows: 
"a) Variance of the results to be processed . 
The total variance of geochemical data may be regarded as being 
composed of analytical variance, field sampling variance, lithological 
variance, mineralization variance and variance caused by secondary effects 
such as weathering. Suitable sampling and analytical methods must be 
chosen such that variance due to the other four causes does not mask the 
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variance caused by mineralization. 
b) Sample spacing. 
Assumptions concerning the size, shape and orientation of a 
sought anomaly allow predictions to be made on the probability of col-
lecting one or more samples from the anomaly using a specified sampling 
grid. There is a very low probability of intercepting some prospected 
targets using sample spacings which are economically feasible. Conver-
sely, many subjective sampling designs are extravagant without appreciably 
increasing the probability of success. 
c) Recognition of an anomaly . 
Even assuming that the diverse variance components have been 
adequately dealt with in designing the programme and that a sampling 
pattern has been devised to intercept any anomalies present, there 
remains the problem of whether the anomaly will be recognized. The 
classical situation of data drawn from a single population upon which 
is superimposed a large addition of some element in a few samples 
because of mineralization is rarely encountered. Data are generally 
drawn from a number of overlapping populations. Thus a sample which 
is anomalous in one population may be concealed within an overlapping 
population. This is critical where anomalies are subdued (e.g. in 
stream sediments or in strongly leached soils). Therefore, at the 
design stage a decision must be made on whether single element data 
and relatively simple interpretation have the potential to recognize 
.any anomaly or whether multi-element data and more complex statistical 
procedures must be used to ensure recognition of anomalous samples." 
Objective decisions on sampling design can only be made if the 
type of mineral deposit sought and the characteristics of the primary and 
secondary geochemical halos associated with deposits of that type, in the 
geological and geomorphological environment of the exploration area, are 
clearly defined. The information required for the design of geochemical 
surveys must be obtained from orientation surveys. Published information 
on sampling programmes for similar mineral deposits in similar environ-
ments should be used to form a basic framework for the orientation 
survey. Subjective decisions on the concepts of sampling design, based 
on the experience (or lack of experience) of the explorationist, are 
probably the major reason why many geochemical surveys are difficult to 
interpret and unsuccessful. 
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4.1.2. Orientation surveys. 
Geochemical exploration should be carried out in a series of 
logical steps in which each phase is more detailed than the last and 
serves to locate mineralization more closely. A multi-media orientation 
survey, preferably in the vicinity of known mineralization , should be 
done before the full scale geochemical exploration programme is initiated. 
More specific orientation studies should be conducted before each phase 
of a sequential exploration programme (e.g. an orientation study of the 
geochemical charateristics of dispersion patterns in soils before soil 
geochemical follow-up surveys in areas indicated as anomalous by regional 
stream sed iment sampling). 
The objective of an orientation survey is to determine the most 
economic means of gaining the best results from a geochemical survey. 
The orientation work should also establish if geochemical exploration is 
feasible in the exploration area. It is an essential part of any geo-
chemical exploration programme because any area in which exploration 
geochemistry is done, is likely to be different (geochemically) from 
previously explored and studied areas. Orientation surveys are advo-
cated by experienced. geochemists, even in environments which appear to 
be relatively uncomplicated. 
Orientation surveys include any form of studying the geochemical 
characteristics of an area before the routine sampling of the geochemical 
project is initiated. The studies are done in order to provide objective 
answers to the various aspects of sampling design discussed in the previous 
section and listed in Table 4.1. The nature of an orientation survey 
depends on the exploration situation (e.g. Plant, 1971). A standard 
format cannot be adopted as an orientation survey is essentially a scien-
tific experiment to establish and quantify factors which will influence 
the full-scale geochemical survey. Bradshaw (pp 201-205, 1975) 
does however, recommend minimum standard requirements for multi-media 
orientation surveys. A comprehensive orientation survey is time con-
suming and expensive, but the operation can be considerably streamlined 
by a sound knowledge of the principals of geochemical exploration and 
the mechanisms of geochemical dispersion. Geological common sense and 
judgement should be applied in all instances to simplify the matter. 
Many case histories published in the literature are essentially orienta-
tion stud ies and should be used as a reference for the design of 
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orientation surveys (but cannot replace them). 
The aspects of orientation surveys which have important effects 
on the interpretation of geochemical surveys are: 
a) The division of the exploration area into sub-areas which 
have comparable geochemical characteristics for the purposes of interpre-
tation of analytical results. The division is done on the basis of 
lithology, pedology, topography, climate, type of surficial cover 
(transported or residual), soil types, drainage characteristics and other 
geological and geomorphological factors affecting the interpretation of 
geochemical surveys. 
cal 
and 
and 
b) 
procedure 
as simple 
anomalous 
Selection of a sampling medium, sampling design and analyti-
for each sub-area· which wi II make interpretation as di rect 
as possible by maximizing the contrast between background 
analytical results. 
c) Establishing the geochemical signature of the type (or 
types) of mineral deposit sought in each of the sub-areas. 
d) ~stablishing the background characteristics of the various 
sub-areas. 
e) Recognition of features which may cause false geochemical 
anomalies and .determining their characteristic geochemical signatures. 
The attitude that should be adopted during orientation work is 
summarized by the statement made by Levinson (1974) viz: "The time to 
ponder all the variables, and to test them out, is before the actual 
geochemical exploration begins, not after the samples have been collected". 
4.1.3 . Control and reliability of field work. 
The interpretation of geochemical surveys is fundamentally a 
geological, rather than a chemical problem, and the important aspects of 
orientation, planning and sample collection should be controlled by an 
experienced exploration geologist or geochemist. The surveys usually 
involve the collection of a standard sample or set of samples from a 
large number of localities in the exploration area and reliable routine 
sampling must meet the following requirements: 
a) The samples must be collected at the correct geographic 
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locations and from the correct geological or geomorphological situation 
at each sample location. 
b) The sampling of the correct material at each location such 
that all the samples collected are comparable. Sample collectors have 
to be able to recognize changes in geological or environmental conditions 
which may require the modification of the sampling techniques in order to 
get representative and comparable samples. 
c) The correct handling of the samples in order to avoid 
contamination. 
d) Correct numbering of samples and plotting of sample locations 
on maps or photographs in order to avoid confusion when the results are 
interpreted. The accuracy with which sample sites have to be plotted is 
largely dependent on the scale and objectives of the survey. The inac-
curate plotting of sample positions can seriously hamper interpretation, 
but the efficiency of the survey can be affected by overly precise 
surveying of sample positions. Precise surveying of sample positions 
is generally only necessary during detailed follow-up surveys of in 
situ anoma lies. 
e) The recording of adequate geological, geomorphological and 
geographic information about the sample site. The data recorded can 
include anything which may be of value during interpretation of the 
survey and the information recorded is largely dependent on the nature 
and requirements of individual surveys. The information often requires 
subjective estimation of certain features and training of personnel is 
essential for comparable estimations. Standardized data sheets are 
required for computer based interpretation techniques and can also serve 
as a reminder of the factors which are important for each type of survey. 
Maximum efficiency of geochemical surveys requires the use of 
trained teams of lower-grade personnel and local labour for routine sampling 
where possible. The requirements of reliable sampling and adequate 
recording of information have to be considered in evaluating the merit 
of using non-professional or professional personnel to do routine sampling. 
The use of professional personnel for routine sampling is generally 
advisable for reconnaissance type surveys during which a large amount 
of information relating to the geology, geomorphology and geography of 
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the area mu st be collected. The combination of sampling and reconnais-
sance mapping is advisabl~ in these situations. Trained non-professional 
field assistants can be used to do routine sampling in high density . 
detailed surveys where the geological and environmental conditions are 
adequately understood. Strict control of all sampling operations by the 
geologist responsible for the interpretation of the survey is essential 
as confidence in the reliability of data is a major factor in the inter-
pretation of geochemical surveys. 
4.2.0. 
4.2.1. 
The Characteristics, Advantages and Collection of some 
Common Sampling Mediums. 
The characteristics of a good sample medium. 
The materials commonly collected during geochemical surveys are 
only indirect indicators of mineral deposits. The interpretation of 
geochemical data is, thus, largely dependent on the characteristics of the 
sample medium and requires basic assumptions to be made about the chain 
of events which accumulate the indicator elements in the material sampled. 
Fa~tors such as the origin, transport and deposition of the sample medium 
affect the inferences that can be made on the basis of analysis of the 
samples. 
The important characteristics that have to be considered when 
selecting material to be sampled are: 
a) The material must be a reliable indicator of the bedrock 
geochemistry and especially of mineralization in the area. 
b) The material should yield a wide primary or secondary 
dispersion halo, or a long dispersion train, of anomalous ore-related 
elements ·or compounds. The anomalous element in the halo or dispersion 
train should increase (or decrease) in a uniform and predictable fashion 
towards the ore target. 
c) Material that 
and other elements uniquely 
accumulates and concentrates ore elements 
associated with ore deposits, but does not 
selectively concentrate elements from unmineralized rocks so as to cause 
false anomalies, should be favoured. 
d) The material should be capable of revealing ore deposits 
concealed under a considerable depth of overburden or barren rock. 
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e) The material must be abundantly available in the area and 
must occur in such a way that .1comparable samples can be taken from a 
sufficient number of locations within the exploration area. The ease 
and speed with which the material can be collected and analysed should 
also be considered. Trout livers may be a good sampling medium 
(Warren et aI, 1971), but their use in exploration projects would :',." 
probably not be encouraged by budget minded exploration managers. 
The characteristics of the sample material selected for a 
survey will put important constraints on the other variables involved 
in sample design viz. where, when, how and by whom. The constra ints 
of the more common types of sample media and their effects on the 
interpretation of surveys is discussed in the following sections. 
4.2.2. Stream sediment sampling; 
Geochemical dispersion trains in drainage systems are normally 
best detected by sampl ing some form of active stream sediment (Table 4.2). 
The advantages of sampling any of the various sediment fractions are 
largely dependent on the geological and geomorphological factors affecting 
the dispersion patterns in the area being investigated. The advantages 
and disadvantages of stream sediment samples in various environments are 
discussed by Lovering and McCarthy (1978), Plant (1971), Davy, Rossiter 
and Wall (in Butt and Smith, 1979) and Huff (1971). 
Stream sediment sampling is a reconnaissance exploration method 
capable of rapidly evaluating a large exploration area. The features 
reflected by stream sediment surveys and the detail of information which 
may be extracted varies considerably with the sample density employed 
and the size of the stream sampled. The optimum density depends on the 
mineral potential of a region, the type of deposit sought (e.h . porphyry 
copper deposits are reflected by fairly low density sampling), the nature 
of the drainage system, the reliability and extent of geological and 
geomorphological knowledge and the objective of the survey. A broad 
classification of the various types of stream sediment surveys and 
their advantages is given in Table 4.3. 
a) Reconnaissance stream sediment surveys. 
Reconnaissance sediment surveys are aimed at locating regional 
patterns which indicate areas of increased economic potential. The use 
Table 4.2. Types of Stream Sediment Samples. 
A. Active Stream Sediments. 
1. Mixed sediment samples. 
A sample of all the active sediment fractions gives a representative 
composite of all the material occuring in the catchment area; most favour-
able for low density reconnaissance sampling; collecting comparable samples 
from different sample locations is a problem; representative sampling may 
require the collection of a large composite sample with material be ing taken 
from a number of positions in the stream at each sample site. 
2. Silt and clay sized sediments. 
The fine fraction of the active stream sediments is the most commonly 
used sampling medium (normally the - 80 mesh fraction is sampled); 
favourable for detecting hydromorphic sediment anomalies ; mechanically 
dispersed gossan fragments and most primary and secondary ore minerals are 
easily abraded during transport (particularly in arid areas) adding to the 
advantages of sampling clay and silt sized material; dilution by wind-
blown dust is a problem in arid areas; downstream dilution and winnowing 
makes the sampling of low order streams more favourable; clay, Fe- and 
Mn- oxides and organic matter with adsorbed elements can be a problem in 
certain environments; advantages of various fine mesh sizes should be 
tested before the sampling programme; sieving should be done in the 
field to assure sufficient sample. 
3. Sand sized 
Sand sized 
(e.g. chromite, 
fine sediments; 
sediment trains. 
sediment. 
sediments can be used if resistant ore minerals are expected 
cassiterite, etc.) and in arid areas where dust dilutes 
the dispersion trains are generally shorter than fine 
4. Coarse material. 
Samp l ing of pebbles and cobbles has special application in areas of 
physical weathering and mechanical dispersion by streams with steep gradi-
ents and in areas of dominantly carbonate bedrock; mineralized and 
hydrothermally altered fragments are selected to indicate the type of 
mi neralization in the catchment (Huff , 1971); jasperiod fragments can be sampled (Lovering, 1981); chemically precipi-
tated coatings on pebbles can be analysed (Chao and Theoba ld, 1976). 
5. Heavy mineral concentrates. 
Most ore minerals tend to concentrate in the heavy mineral fraction; 
dilution by lighter, barren rock-formi ng minerals (e.g. quartz, feldspar, 
mica) can be reduced by panning; care should be taken not to overclean 
the concentrate and lose the lighter ore minerals (e.g. limonite, chalco-
pyrite, malachite, etc . ). Magnetite tails may have advantages in deeply 
leached environments e.g. dispersion trains from Gamsberg (McLaurin, 1978). 
B. Bank Samples. 
1. Active sediments deposited by major floods may be collected if a 
stream has been recently contaminated. 
2. Seepage samples. 
Seepage material (e.g. Fe rich ooze) can be sampled for hydromorphic 
anomalies as seepage areas are important precipitation barriers ; samples 
are collected during routine stream sediment sampling 
(e.g. Robiera, et al, 1979). 
3. Break - in - slope soils. 
Hydromorphic anomalies in break-in-slope soils can indicate the side 
from which anomalous mat erial is entering the stream; used to follow-up 
stream sediment anomalies; may be collected during stream sediment sur-
veys but only analysed when required to interpret doubtful stream 
anoma l ies as the break-in-slope soi Is reflect local conditions. 
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Table 4.3 . CLASSIFICATION OF STREAM SEDIMENT SURVEYS (adapted from Bradshaw, 1972). 
Size of area represented 
by each sample. 
A. 
100krn' to 200krn' 
B. 
10krn' to 50krn' 
C. 
1 krn' to 5krn' 
D. 
Detailed drainage 
surveys with close 
spaced samples along 
larger drainages and 
sampling of all small 
tr i butar'i es . Each 
sample represents the 
area upstream of the 
sample site. 
~ize of Drainage 
sampled. 
50krn' 
depending on 
complexity of 
the geology 
2krn' to 25 krn' 
1 krn' 
1st order drain7 
ages may be 
used if geology 
is not highly 
variable. 
The size of 
expected dis-
persion train 
controls the 
interval at which 
samples are 
taken along 
dra i nages. 1 st 
order dra i nages 
are important. 
Objective of the Survey. 
The recognition of geochemical 
provinces in large unexplored 
areas. (~ . g. Sierra Leone 
Survey of Nichol, et aI, 1966). 
The recognition of minera-
lized belts and similar 
broad geochemical features. 
(Methods A and B are gen-
erally most useful in areas 
of high rainfall where 
geology is difficult to map). 
Indication of lithological 
types, rough location of 
geological contacts, more 
accurate location of min-
eralized belts, may indicate 
individual deposits (e.g. 
the survey of Northern Ier-
land, Applied Geochemistry 
Research Group, Imperial 
College, London, and the 
survey of part of the 
Namaqua Mobile Belt, South 
African Department of Mines, 
Geological Survey). 
The location of dispersion 
trains related to mineral 
deposits in economically 
favourable areas. 
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of the surveys is based on the assumption that the sediment sample 
collected gives a natural composite which is representative of the 
catchment area drained by the stream from which the sample is taken. 
The basic requirements for this assumption to be valid are: 
1) The terrane must be uniformly dissected such that all the 
lithological units in the catchment area are represented by the sediment 
sample. 
11) Streams must be actively eroding material derived from the 
bedrock in the catchment area. 
The samples collected from a drainage system of a particular 
size must be representative of the larger area between sampled catchments. 
The uniformity of the geology will dictate the size of the area over which 
individual analytical results can be extrapolated. It is generally advis-
able to take samples from streams with small catchment areas and extra-
polate the results over the larger area ascribed to the samples. Regions 
of complex geology may require the use of samp les from streams with large 
catchment areas in order to obtain a representative sample. Samples 
representing larger catchment areas, however, tend to have lower contrast. 
b) Detailed stream sediment sampling. 
Detailed stream sediment sampling is aimed at locating secondary 
dispersion trains associated with individual mineral deposits. The 
surveys are detailed in terms of drainage sampling, but are still a 
reconnaissance exploration method. Samples are collected at intervals 
along the lower order stream channels and at locations directly above 
the junctions of streams. The sample spacing in the larger streams 
depends on the expected length· of dispersion trains. Detailed stream 
sediment surveys should sample material giving the longest dispersion 
train with the highest intenSity and contrast, based on information from 
orientation surveys. The sampling of more than one type of stream 
sediment is often advisable (even if only one fraction is analysed 
initially). 
The reliability and interpretation of stream sediment samples 
is dependent on careful sampling and on detailed and comprehens ive notes 
about the characteristics of the sample s ite and the catchment area. 
Some important factors which should be ·considered during stream sediment 
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sampling are: 
1) The presence of Fe- and Mn-hydrous oxides and organic 
matter in the sample which can concentrate indicator elements from 
background lithologies. 
11) Geological contacts can cause abuild up of elements in 
stream sediments by changing the physical and chemical conditions in 
the streams (e.g. limestone can change the pH of stream water). 
111) Dilution of stream sediments by bank material. 
1V) Accumulation of indicator elements precipitated by 
mi xing of stream waters of different composition. 
V) Contamination of streams by human activity. 
4.2.3. Soil sampling. 
The sampling of residual soil is a cost effective method of 
exploring areas of unsatisfactory outcrop as the soils reflect the bed-
rock chemistry. Soils developed on transported overburden must, however, 
be distinguished before or during a survey as they will not reflect the 
bedrock chemistry. The sampling of soils developed on transported 
overburden is viable under certain conditions (see section 3.2.2.). 
Important factors to be considered during soil sampling are: 
1) Samples must be taken from a consistent soil horizon. 
11) A grain size fraction which enhances the di stincti on 
between background and anomalous concentrations must be sampled 
(the -80 mesh fraction is commonly used, but is not necessarily the 
best fraction in all areas). 
111) The use of a small mesh interval minimizes errors due ;: 
to different element concentrations in the various size fractions of 
the soil. 
1V) The clay, Fe- and Mn-oxide and organic content of soils 
has important effects on trace element distribution. Major changes in 
the constituents can usually be seen and should be noted during sampling. 
The optimum soil horizon and size fraction should be selected 
by studying the trace element distribution in various soil types during 
an orientation study. The characteristics of the soil profile are best 
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studied by digging pits or trenches. Changes in the characteristics of 
the sOils noted during sampling should be investigated by further pitting 
as the cost of the extra work i.s justified by the increased confidence in 
the sampl ing results and by the added information avai lable for inter-
pretation. (When in doubt, dig a pit!!!) 
a) Regional soil sampling. 
Regional soil traverses (e.g. 500m line spacing x 50m sample 
spacing) are commonly used in flat areas where detailed drainage surveys 
can not be done . The problems associated with sampling of deeply leached 
land surfaces should, however, always be borne in mind in areas of low 
relief (section 3.2 .5. ). The distribution of soil types and broad 
lithological units should be mapped during the sampling program in order 
to simplify interpretation. Vegetation can often be used as a guide to 
the mapping of soil types and lithology in areas of deep residual soil . 
Sampling should be done across the regional strike and the probable size 
of dispersion halos should be considered in selecting traverse and sample 
spacing. Grids should be designed such that the line spacing is not 
greater than one third of the expected economic strike length and at 
least two samples on each line should fall within the expected width of 
an anomaly. Chain (or pace) and compass traverses are sufficiently 
accurate, but sample sites should be marked at intervals (e.g. 500m) 
so that anomalous sites can be accurately recovered at a later stage. 
Soi 1 samples can be collected along ridges and spurs in areas 
of moderate to high relief in order to close-off anomalies in stream 
sediment samples. Sample traverses carried out along the break-in-
slope of drainage courses can be used to locate transported and hydro-
morphic anomalies in areas of moderate to high relief. 
Isolated soil sampling trav,erses (with closely spaced sampling 
pOints e.g. 500m) along roads can be used as a reconnaissance method to 
indicate economically favourable zones in poorly drained regions. 
Experience in the Northwestern Cape has indicated that the method can ,be 
successful in semi-arid regions where the C soil 
sampled (A and B horizons are poorly developed). 
horizon can be easily 
Interpretation must 
however, be based on a subdivision of the sample populations according 
to lithological units mapped on a regional scale. Geomorphological and 
physiographic subdivisions of the area are also required (e.g. in the 
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Northwestern Cape samples from the Sushmanland Surface cannot be compared 
with samples from the Namaqualand area or from the Orange River valley). 
b) Detailed soil sampling grids. 
Detailed soil sampling grids are commonly used to follow-up 
reconnaissance geochemical and geophysical anomalies and to determine the 
possible extent of mineralization indicated by isolated mineralized outcrops. 
The grid spacing depends on the size of the follow-up area and on the expected 
size of the potential mineral deposit. A series of sampling grids with 
tighter sample spacings may be used to reduce the target area until the 
size, shape and axis of the potentially mineralized target have been defined. 
A number of soil pits should be dug on anomalies as they can help to define 
the exact location of the anomaly source, particulary if the anomaly peak 
is displaced by the effects of denudational processes on the residual soils. 
Detailed soil sampling grids should be accurately surveyed and disigned to 
suite the interpretation method. 
Soil samples are collected using a variety of tools depending on 
,.the depth and nature of overburden. The best method should be defined 
by orientation work and is often a matter of personal preference. 
Samples must, however, be taken from a consistent soil horizon and methods 
which rely on sampling from a consistent depth (e.g. using a mattock) should 
be avoided as the thickness of soil horizons varies . The amount of sample 
material that should be collected depends on the dispersion of the anomalous 
constituents in the soil (e.g. C horizon sampling where resistant minerals 
are inhomogeneously distributed will require a larger sample than ,S 
horizon sampling where secondary and hydromorphic constituents are 
evenly dispersed). A 20 to 50 gram sample will normally provide enough 
material, but the sample size should be defined by orientation work for 
reliable results and successful interpretation. 
4.2.4. Rock Sampling. 
The ,sampling of fresh and weathered bedrock is an important part 
of all mineral exploration programmes. The major objectives of bedrock 
sampling, which dictate the type of bedrock material sampled and the 
sampling design, are: 
1) to establish the presence of the ore elements in the 
exploration area. 
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11) to provide essential information on the background abundances 
of elements analysed in soil and sediment surveys. 
111) to detect distribution patterns of elements that are 
spatially related to mineralization. 
The common types of bedrock material that can be sampled, in order 
to achieve the objectives stated above, are listed in table 4.4. The 
applications, as well as some advantages and disadvantages, of various 
types of bedrock samples are discussed in Butt and Smith (1979) and by 
Lovering and McCarthy (1977). Some of the more important aspects are 
noted in the following table. 
Table 4.4. The application, advantages and disadvantages of the main 
types of bedrock samples. 
1. Fresh whole-rock samples. 
Application: The determination of background abundances of elements 
in an area; the recognition and mapping of geochemica·ly speci:aliized 
lithological units; the recognition of primary halos related to 
mineral deposits. . 
Advantages: A relatively small number of samples, selected on a 
geological basis, can give a large amount of information about the 
economic potential of an area and indicate the proximity of blind 
mineral deposits (under favourable conditions). 
Disadvantages: Variations of trace element abundances in rocks 
unrelated to mineralization (e.g. due to modal variation, degree 
of fractionation, etc.) complicate the interpretation of analytical 
results; sophisticated processing of analytical results is often 
necessary to r~cognize primary geochemical halos due to low contrast 
and subtle variations of element abundances. The inhomogeneity 
of rocks can complicate representative sampling. 
2. Altered whole-rock samples. 
Application: Hydrothermally and metasomatically ·altered rocks 
can indicate the presence of buried mineral deposits genetically 
related to the alteration. 
Advantages: Altered rocks define smaller targets than geochemical 
patterns in unaltered rocks; the trace element content of altered 
rocks can reflect the type and abundance of metals in genetically 
associated deposits. 
Disadvantage$: Alteration halos are generally small (except for 
porphyry depos its).. Al tered rocks tend to weather eas i Iy and 
leaching or enrichment of primary' alteration halos in common. 
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Table 4.4. (cont.) 
3. Vein fillings and fracture coatings. 
Application: Vein fillings are an important sampling medium to 
detect leakage anomalies. Fracture coatings reflect secondary 
dispersion of elements by ground water. Both types are commonly 
collected as mineralized rock samples to indicate the type of 
metals present in an area. 
Advantage: Vein fillings provide information on the possible 
channels followed by mineralizing fluids. The samples have 
particular application in carbonate rocks where other primary 
and secondary halos are generally of limited extent. 
Disadvantages: The recognition of ore related fracture fillings 
and post ore secondary coatings; the widespread distribution of 
Fe and Mn (scavengers of trace elements) in fracture fillings. 
4. Rock mineral separates. 
APalication: Trace element abundances in mineral separates can 
ai the recognition of geochemical specialization (Beus and 
Grigorian, 1977) and enhance primary geochemical halos. The 
partitioning of trace elements between rock forming minerals can 
indicate the types of ore and rock forming processes which 
operated in a particular geological environment. 
Advantages: Mineral separates can be more selective indicators 
of mineralization than whole-rock samples. 
Disadvantages: 
preperation. 
its advantages 
5. Weathered bedrock. 
The use of mineral separates requires added sample 
The method has not been widely used in the past and 
and limitations have not been completely evaluated. 
Application and advantages: Weathered bedrock may be the only 
viable sampling medium in areas with leached deep weathering 
profiles (i.e. soils and stream sediments may not reflect bedrock 
chemistry). The material can be used to indicate secondary 
dispersion patterns formed by weathering without the complication 
of physical dispersion. 
Disadvantages: Outcrops in deeply weathered areas generally 
represent only resistant rock types and drilling and trenching are, 
thus, necessary for representative sampling. Mobile indicator 
elements tend to be removed from saprolite. 
6. Gossans. 
Application and advantages: Gossans are important surface indicators 
of a variety of mineral depOSits (mainly Fe-rich sulphide deposits) 
which can be sampled to indicate the compOSition, size and grade 
of the depOSit. 
Disadvantages: The trace element abundances in gossans are highly 
variable due to leaching,·scavenging by iron oxides, etc. Gossans 
are essentially ironstones and the recognition of true gossans 
from ironstones formed by weathering of barren rocks or sub-economic 
mineralization is often a problem. 
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The random sampling of fresh rocks, gossans and rocks showing signs 
of mineralization is a normal part of routine exploration work. The sampling 
is done in order to get an idea of the chemical characteristics of rocks and 
to establish the presence of the target elements in the exploration area. 
Lithogeochemical surveys, defined as the sampling and determination of the 
chemical composition of bedrock material with the objective of detecting 
distribution patterns of elements that are spatially related to mineralization 
(Govett and Nichol, 1979), can be carried out in areas with good outcrop. 
a) Regional litholgeochemical surveys. 
Widely spaced rock sampling on a regional scale can be carried out 
in order to detect geochemicaly specialized lithological' units or areas 
(refer to section 2.2.0.). Routine sampling normally involves the 
collection of fresh whole-rock samples, from which specific mineral fractions 
may be separated if necessary. Geological control of the. sampling 
(e.g. the sampling of specific types of rocks or lithological units) and 
adequate geological information about the area are essential in order to 
-identify anomalies reflecting mineralization from those related to other 
causes. The collection of representative lithogeochemical samples is a. 
further problem. Bradshawet al. (1972) summarize the problem as follows: 
"While some rock types are relatively homogeneous making sample 
site selection and collection of representative samples easy, others are 
very heterogeneous making it virtually impossible to collect a sample 
representative of any p~trographic unit except by very time consuming 
methods." 
The sampling of ironstones on a regional scale appears to be an 
economical method of recogizing gossans related to sulphide mineralization. 
The interpretation of the surveys is, however, often difficult due to the 
chemical similarities between ironstones and gossans, and the variability 
of the chemical characteristics of gossans. 
used and the difficulties encountered in a 
summarized by Joyce (1976, pp 139 - 142). 
The interpretation methods 
number of gossan surveys are 
The case histories indicate 
that it is often advisable to drill all ironstone occurrences considered 
to be potential gossans, on the basis of geological and geophysical 
information, irrspective of the results of geochemical surveys. 
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b) Detailed lithogeochemical surveys. 
Detailed lithogeochemical surveys, aimed at defining primary 
geochemical halos related to a specific mineral deposit, have important 
applications in the following situations ~ovett and Nichol, 1979): 
1) Local scale exploration to locate deeply buried and blind 
deposits. 
11) Exploration drilling to assist in drill hole location 
(e.g. sampling of shallow boreholes in order to define geochemical halos 
that can indicate the position of ore bodies). 
111) Mine scale exploration and underground mapping. 
The variability of the primary geochemical halos associated with 
specific types of mineral deposits, due to variations in local geological 
and tectonic setting, prevents the definition of standardized samplin~ and 
interpretation procedures. Detailed lithogeochemical surveys have, thus, 
been most successful for locating further ore bodies in the vicinity of 
--known deposits. A thorough understanding of ore forming processes and the 
local geology are essential for the application of detailed lithogeochemical 
surveys in new target areas. 
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5.0.0. ANALYTICAL FACTORS. 
Ray's Rule for Precision: "Measure with a micrometer. 
Mark with chalk. 
Cut with an axe." (Bloch, 1980). 
5.1.0. Analytical Procedures. 
The concentration of an element in a sample may be estimated by 
a wide variety of analytical procedures which include wet analytical 
methods and instrumental analyses. Wet analytical methods involve 
colorimetric, gravimetric, volumetric and electrochemical measurement of 
the element by separating it in solution . Instrumental methods determine 
the quantity of an element in a sample by measuring some physical property 
of the element (e.g. emission spectroscopy, X-ray fluorescence, etc.). 
The principal methods of estimation and the minor elements for which they 
are commonly used are given in Table 5.1. Various analytical procedures 
involve some or all of the following operations viz. sample preparation, 
extraction, separation and estimation. 
a) Sample preparation. 
Sample of naturally occuring materials normally require some form 
of preparatory treatment before they can be analysed. The sample prepara-
tion may consist of any of the following procedures: drying, crushing, 
screening, splitting and grinding. The various procedures will depend 
on the type of material to be analysed and on the analytical procedure to 
be used. Special sample preparations (e.g. separation of a magnetiC 
fraction, etc.) may also be required in order to achieve the objectives 
of the geochemical survey. 
Sample preparation, if not correctly done, can result in signifi-
cant analytical errors. The procedures involved in sample preparation 
are often time consuming and expensive resulting in a tendencYI' to use 
compromise standard procedures which may result in significant contami-
nation and sampling errors. 
b) Extraction and separation. 
Wet analytical methods and atomic absorbtion spectrometry, which 
generally requires the sample to be in solution before being aspirated into 
the instrument, require the extraction of the elements to be analysed from 
Table 5.1A. Methods of estimation and minor elements Table 5.1.8. Comparison of analytical methods commonly 
for which they are commonly used. used in exploration geochemistry. 
From Rose, Hawkes and Webb (1979). From Levinson (1974). 
Atomic X-ray em/ol 1)<'I<"rlim, l.imi/.! CO,II .. , Am,,,".!i.I'" N"m<' f :qllif'mr'" (sr,· Til"'" fI .J) A d' '''rltl-',~,·.~ DiJmf,.".rwgn Co",,,,..,"'''/ L"f>,""""irJ 
Colori- Emission spectrometry Radio- absorp- fluor-
Element metry d.c. arc Plasma metry tion escence A!omie . $~.oOO ·20.000 Gener.III)· k." than I. Raj'li<l, !oI:nsi,;,'c, I. Accuracy suffers I. Gcncr:llly S I per SOImplc 
A!>sorption In 1'1'"': som.:: '1'.:: .:1fi ... :le,,'r:'lc .... ith hi~h for rir~ t clemen!, and ~O(' 
~kmcnlS In fll'b anJ inc.\pcnsivc. ahundantu. for each suhscqucnl dement 
Antimony X X r<ln,,, : . SC"cr~1 dement. 2. NOI 'alisfaCIO!Y ,klermineu on thc same 
Arsenic ~~~ ~~~~'~~T~~~~. for loOme imporlant sample solulion. X X dcmcnl~ ~uch as ;;o~uSt.!O.~f:o~~' etc., 
Barium X X X X 3 .. J,bout 40 Th. U, Nb. Ta cl~mc"!J applicable and W. ). Bio&eochemic31 umpl~s 
Beryllium x x x X 10 e\plorlltion 3. Destructive. about twice re&ular rate. 
Bismuth x x X geochemistry. 4. Sample preparJ.tion (e.g. 
Boron 
4. P~rlial or total cru ~hinJ:, SIeving) ehJ.~es 
X X anal}'scs possible. usually extra. 
Cadmium x x x x 
Chromium x x x x X Colorimetry Usually less Cenerally leu than I. Inexpensive, 1. Only one element I. Generally 7Se per 
Cobalt 
than 51,000 10 ppm for simple. sensitive, (or 3. smallltOup) clement for eold·exlr3.e(at.le. 
X X ' X X clementi commonly specific, accurate determined at one 2. Fusions or hOI add 
Copper x x x X analyzrd 
and portable. time. leaches ,eneraily 51.00 for 
2. Partial or 101al 2. Not suitable for first clement. and SOC for 
Fluorine· X anal)'scs f'Iluible. hillh abundances. each subsequent clement 
Gold x ). Some rca cents 
determined on same 0 solution. 
Iron 
unstable. W 
X X X X 4. Te!.ls not 3. Mo and W about 52.'0 I 
Lead 
" 
available for some each, X x important metals, 
Lithium X X X ,. Dcilructive. 
Manganese X X X X x 
Mercury x X Emission a. Visual I, U~ually only I. Mul1i.element I. Complex spectra. I. Qualitative nr "~emi. 
Molybdenum x X Spectra- dctcelion 
major and minor capabilitic~ (for.n 2. Requircs his:hly quant i1il tlve )O·element X X J:raphy $2.000·8,000 clementI detected in~t'limenls) trained personnel. seans", 5"·20. 
Nickel x x x x X b. PhotOFr.phle h. Cenerally hom 2. Only ~mall 3. Generally 's low 2. Quantitative, ~bout 5' 
Niobium x 
.Jetection 1·100 Prm rnr most sample required (except for direct for fiut clement and $3 for X S I ~.OOO·30.000 clement! of internl. (for all reader). each additional element on 
Platinum instruments). same film . X X 4. Sample 
Rare earths 
c. Electronic e. Same liS (b) preparation very 3. Direct·reader prices vary X X X (direct reader) above. but probably .bout S30 for 
Rubidium S60,000.ISO,000 
critical and time ~Il elements recorded 
X X consuming. s imultaneously. 
Selenium x x ,. nntructive. 
Silver x x x x 
Strontium 
X.ray S30.()()()....40.000 50·200 ppm on 1. Simpk spectra. I. Scnsith·itics not Cenerally 58·512 per 
X X X X FluOTe· (bhoralOry rOllt ine "asi~: more ~ . Good for hi~h as l!,ood ~~ other clement J'ltr J.:lm pJe 
Sulrur x x sccnee models) !oCn~ili\"e with ;'''lIn.J;ItKC' of melhods for many tquantil~ti\'el: a"out half ~pedal procedure •. element,., Ihat price qualitative. 
Tantalum 
clements. 
X X ) . t.:~~ relatively 2. Analyscs slower 
Thorium than !iOfTle other X X lar~e sample. methods. 
Tin X X X X 4. All dements ~. Analyses from fluorine 10 
Titanium X X X X X uranium arc 
rclativdy c:tpensive. 
Tungsten 
pract;":al on modern 
X X C"qu,pmcnl. 
Uranium~ X ,. Cer1ain liquids 
Vanadium 
(e.g .• brines) can be 
X X X X X ~ nal)'lCd .Jirectly. 
Zinc X X X X ti. E~cel1cnt for rapid qualita tive 
ch«"h. 
• Most commonly used method is specific ion electrode . 
• Commonly used method is visible fluorescence. 
7. Non·destructive . 
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the sample material. Extraction may be accomplished by volatilization, 
fusion, vigorous acid attack, attack by weak aqueous extractants or by 
oxidation-reduction agents. The trace element being analysed may also 
have to be separated from interfering elements liberated during extraction. 
Atomic absorbtion spectrometry is the most commonly used method requiring 
extraction of elements into solution and has largely replaced the more 
exacting wet analytical methods for routine analyses. 
The extent of extraction (incomplete or inconsistent extraction) 
and contamination (from reagents or equipment) are the major potential 
sources of error in the extraction and separation procedures. 
c) Estimation. 
The estimation of the element concentration of samples can be 
achieved by a large variety of techniques, many of which use highly 
sophisticated instrumentation. The sensitivity, precision and accuracy 
with which element concentrations can be estimated by laboratory instru-
mentation has made the use of semi-quantative field methods obsolete. 
"MQst commercial and private laboratories are capable of routine analysis 
of large numbers of samples for a variety of elements to levels of 
sensitivity and precision which satisfy the normal requirements of 
exploration geochemistry . The sensitivity and precision of instru-
mentation is, however, often negated by imprecision in the field and in 
other laboratory procedures (e.g. sample preparation). 
A basic knowledge of the various techniques and types of instru-
mentation, particularly their advantages and limitations, is essential 
for the planning, execution and interpretation of geochemical surveys. 
Discriptions of the more commonly used methods given by Rose, Hawkes 
and Webb (1979), Levinson (1974 and 1980), Joyce (1976) and Stanton (1976) 
are recommended for field personnel as a basis for developing a working 
knowledge of the various techniques. . The choice of the most suitable 
analytical procedure for a particular survey should, however, be made 
after consultation with the analyst . The analytical procedures 
available in the laboratory should be evaluated in terms of the 
objectives and problems of the geochemical survey. The important 
aspects of routine ana lysis which should be considered in the selection 
of an analytical technique are discussed in the following sections. 
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5.2.0. The Sensitivity, Precision and Accuracy of Analytical Results. 
5.2.1. The limits of detection of analytical procedures. 
The limit of detection (or sensitivity) is the minimum (and maximum) 
quantity of an element that can be measured by a specific analytical 
technique. The limit of detection varies depending on: 
a) the analytical technique used. 
b) the type and number of elements being analysed. 
c) the matrix (material being analysed). 
The limit of detection can not be exactly defined during routine 
analytical operations, but the approximate value for ,each element and each 
type of material analysed (e.g . granite rock samples or stream sediment 
samples from granitic terrane) by a particular analytical procedure should 
be established. The average concentrations in rocks, soils and sediments 
of the elements commonly used during geochemical exploration are in the 
range of 1 ppm to 100 ppm (Table 2.1 and Fig. 3.9) which is within the 
limits of detection of the commonly used analytical procedures. The 
lower limit of detection for the normal ore metals (e.g. Cu, Pb, Zn, 
Mo, etc.) during routine laboratory analysis is generally in the range 
of 1 ppm to 10 ppm. Elements with natural concentrations in the parts 
per billion range (e.g. Au, Ag) can not be readily detected by normal 
procedures and the use of these elements in exploration requires more 
sensitive techniques (e.g. neutron activation analysis). 
The lower detection limit, which is defined as the concentration 
at which precision is ~100%, will influence the interpretation of surveys 
involving elements present in abundances close to the detection limit. 
Joyce (1976) summarizes the affects of the lower detection limit as 
follows: 
a) The precision of all analytical procedures deteriorates 
near the detection limits. High values thus, have no significance if 
the true distribution of values isfairly constant and near the detection 
limit. 
b) The "build-up" to anomalies will be masked if the general 
abundance of the element analysed is near the detection limit. 
The upper detection limit is generally above the range of element 
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abundances in commonly used sampling media, but should be investigated 
if very high concentrations of elements are being estimated. 
5.2.2. The precision and accuracy of analytical results. 
Precision is a measure of the 'reproducibility. of replicate 
analyses without regard to how close their average is to the true value. 
Accuracy defines the closeness of the measured value to the true value. 
(Fig. 5.1.) The importance of determining the absolute content of an 
element in a sample depends on the nature and objectives of the geochemical 
survey. An accuracy within 10% of the true value of a given sample is 
generally acceptable, provided that the bias for different samples and 
different batches of samples from a particular survey is constant 
(e.g. case 2 in Fig. 5.1 would be acceptable if the difference between 
the analytical value and the true value was less than 10%). The 
precision of analytical data is dependent on the compos it effects of 
,· field sampl ing, laboratory sampl ing and instrument errors. The 
precision of analytical results can have a major effect on the relia-
bility and interpretation of geochemical 
even if bias is acceptable and constant, 
or create false anomalies in the data. 
interpretation are discussed in section 
True 
value 
surveys. Poor precision, 
can mask geochemical anomalies 
The effects of precision on 
6.0.0. 
Precision Accuracy 
Low Poor: 
Good Poor 
Low Good 
Good Good 
Fig. 5.1. Possible combinations of precision and accuracy based on four 
analyses of a sample. In case 3, only the average may be 
termed accurate. From Rose, Hawkes and Webb (1979). 
The determination of the precision and bias of' analytical results, 
discussed byHatherley and Viewing (1981.), Thompson and Howarth (1978), 
Garrett (19691 and Nicholls (1971), is essential for successful geochemical 
exploration. 
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a) Determination of precision and bias in the laboratory. 
·The procedure recommended by Viewing (1981) to establish analytical 
precision and bias, essentially involves : 
1) Establishing a set of representati ve control samples for 
which a "known" value is determined by replicate analysis. 
(See Appendix 1). 
11) Regular determination of the control samples and blanks 
during the routine analysis. 
111) Stati~tical or graphical methods are used to determine 
bias which is a measure of the systematic error imparted during the 
anal ys is of a batch of samples, and analytical precision which represents 
the statistical or random error introduced by the analytical method used 
or by the instrumentation. 
Batches of samples, in which the control samples show a +ve or 
-ve bias greater than 10% are re-analysed (Fig. 5.2). The differences 
between the expected and actual analytical results of the control samples 
·· (per batch) are used to calculate the analytical precision as follows: 
Analytical precision at 95% confidence limits = 
1,98 x Standard deviation 
x 100% 
mean 
The analytical precision is used to evaluate the acceptablity of the 
analytical procedure and ~10% (or ~15% ) is usually acceptable. 
b) Determination of sampling and analytical precision. 
The overall sampling and analytical precision is determined by 
taking replicate field samples . The recommended procedure is to collect 
duplicate samples at 10% of the sampling sites (with a minimum of 30) 
during the geochemical survey. The differences between the analytical 
results of the pairs of samples are used to calculate the combined 
• 
• 
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• 
• 
"'en,t" _""Ife\ ... 1 .. ,'/. 1 
." ... 
Fig. 5.2. Graphical deter-
mination of bias in a 
fictitious set of control 
samples. 
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sampling and analytical precision which is commonly expressed as follows: 
Combined precision at 95% confidence limits = 
1,98 x Standard deviation 
------------------- x 100% 
mean 
The differeQce between the combined precision and the ana lytical 
precision (calculated from control samples) represents the field sampling 
precision of the project. 
5.2.3. Total and partial extraction. 
The "total" content of an element in a sample is normally used in 
geochemical exploration. Atomic absorbtion spectrometry, colorimetry 
and other wet analytical techniques are limited as "total" analytical 
methods by the extraction process used. The method of sample digestion 
routinely used in the laboratory can be affected by the occurence of the 
indicator elements in resistant minerals (e.g . magnetite) which are not 
. completely digested by the reagents used. Various forms of partial acid 
digestion are generally used and elements not readily digested must either 
by analysed by a procedure not involving a digestion step or else the 
sample ·must be subjected to special digestion procedures. The person 
interpreting the analytical results should be aware of the extract ion 
procedure used, and particularly the limitations of the procedure as far 
as the "total" digestion of various elements is concerned. It is 
advisable to state the extraction procedure and the reagents used in 
the geochemical project report. 
The deliberate use of partial or selective extraction has 
advantages in the following situations (Rose, 1975): 
1) Selective extraction can be used to investigate the form 
in which the anomalous constituents occur in a sample (e.g. in su lphides 
or adsorbed by Fe- and Mn-oxides). The information obtained can be 
used to understand the mechanisms of dispersion from mineral deposits 
and the controls of false anomalies. 
11) Selective extraction can be used to plan special partial 
analytical approaches which optimize the contrast of anomalies , particu-
larly in surveys where the orientation studies indicate that anomalies 
would show low contrast if conventional extraction was used. 
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Commonly used partial extraction techniques involve the use of 
dilute HCl, ammonium acetate solutions, EOTA solutions and other complexing 
agents which remove the readily extractable elements (e.g. adsorbed or 
weakly bonded elements). A knowledge of the characteristics of trace 
element distribution and bonding in the sample material can be of invaluable 
assistance in the choice of the optimum extraction technique. Rose (1975) 
described a number of selective extraction procedures which can be used to 
evaluate the form in which elements occur in a sample. The precision of 
partial extractions is dependent on temperature and other factors which 
affect the amount of the element extracted into solution. The usefulness 
of the various "methods involving partial extraction, as well as "total" 
extraction methods, can be seriously limited by poor precision. 
5.2.4. Factors affecting the reliability of analytical results. 
a) Contamination. 
The contamination of samples can occur at any stage from sample 
collection (or even before sample collection) until the element concentra-
tion in the sample is estimated. The greatest risk of contamination is 
in the laboratory, particularly during sample preparation and extraction. 
A large number of potential sources of contamination are, however, present 
in all phases of sampling and analysis. The following list is only an 
indication of some of the possibilities which should be avoided. 
Sample bags (or other containers) with metal tags, staples or 
material empregnated with metals. 
Metal sieves (especially brass). 
Crushing and grinding equipment containing elements such as Fe, 
W, Co, Ni, Cr, etc. 
The use of the same laboratory equipment for both ore grade and 
trace quantities of elements. 
The use of contaminated reagents. 
Dust (e.g. from mining activities, transport of ore etc.). 
Metals from buildings, fences, bridges, etc. 
Contamination from human activities (e.g. motor car exhausts, 
industry agriculture etc.). 
Contamination can result in random or systematic errors, but 
the assumption that contamination from equipment (e.g. metal sieve) will 
• 
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result in consistent bias is not valid. 
b) Sampling in the laboratory. 
Reduction in grainsize, homogenization and controlled sample 
splitting are essential if the small portion of a sample to be analysed 
(generally less than 1 gram) is to be representative of the larger sample 
collected in the field. The effecti veness of a large field sample, i.taken 
to overcome natural variance of the material sampled, may be reduced to 
the effectiveness of a field sample of 1 gram if the sub-sampling in the 
laboratory is not representative. Nicholls (1971) investigated the 
affects of sampling precision in the laboratory. He found ' that the 
overall precision of the laboratory was dependent on the control of 
sampling precision, and that sampling imprecision often negated improve-
ments in instrument precision. 
The use of methods requiring the estimation of very low concen-
trations of elements in samples is becoming increasingly important in 
exploration. The estimation of very low concentrations of elements is 
particularly subject to the problems of non-representative sampling and 
contamination. The problem of laboratory sampling must, however, be 
veiwed in 'perspective, as the choice of an analytical procedure which 
has good precision can lose its benefit by not paying enough attention 
to representative sampling in the field. The precision required of 
the analytical procedure, which affects the cost and time involved in 
analysis, must be justified in relation to the variance attributable 
to field sampling. 
c) Errors associated with the reporting of analytical results. 
The recording of analytical results and associated information 
(e.g. sample locations, sample numbers, etc.) is subject to random and 
systematic error. Typographic mistakes can be a major source of error 
during surveys involving routine multi-element analysis of large numbers 
of samples. Plant (1980) quotes an examples of a regional survey 
(Table 5.2) where typographic errors formed 20% of the total error. 
Plant concludes that the locational errors can be reduced by digitizing 
the sample locations from field maps and that transcription errors can 
be eliminated by direct linking of analytical instrumentation with the 
computer in surveys using computerized interpretation and data storage. 
lab 1 e 5. L ~ources of typographic error in geochemical data processing 
(From 2()()() samples [rom Orkney and Shetland) 
(1) recording National Grid Reference 
(2) punching from field data cards 
(3) plotting maps of sample sites 
(4) digitizing sample sites from maps 
(5) punching and sequence error in analytical data 
From M. D. Forrest & R. T. Mogdridge (personal communicationl. 
percentage 
error 
8.9 
1.2 
5.2 
0.7 
4.0 
total 20.0 
5.3.0. 
5.3.1. 
-111-
The Effect of Analytical Procedures on the Approach to 
Geochemical Exploration. 
The selection of the type and number of elements to be determined. 
The selection of the type and number of elements to be determined 
must be based on the objectives of the geochemical survey (i.e. on the type 
of mineral deposit sought). The following principals are suggested as a 
guide to the selection of the elements to be determined: 
a) The targ~t elements should be determined in all situations. 
In cases where the target elements are difficult and/or expensive to 
analyse routinely (e.g. Au, Ag) the entire exploration approach should 
be carefully evaluated (e.g. less, but more significant samples could be 
collected). An important reason for determing the target elements is to 
prove their presence in the exploration area . 
. b) Pathfinder elements, which have a meaningful and interpre-
table relationship with the target elements, can be determined. The 
"extent to which the determination of pathfinder elements benefits the 
interpretation of the analytical results should be evaluated in terms of 
increased costs and the loss of sensitivity and precision in the deter-
mination of the target elements. The routine use of pathfinder elements 
in place of the target elements,because of apparently favourable characte-
ristics such as ease and lower cost of determination, their presence in 
greater abundances in the sample material and their greater mobility in 
the geological and geomorphological environment, is not recommended. 
The approach should only be taken after serious consideration of the 
implications of not determining the target elements. The presence of 
pathfinder elements in an environment is not always an assurance of the 
presence of target elements. 
c) " Elements which indicate the presence of constituents in the 
sample material which affect the concentration of indicator elements 
(e.g. Fe and Mn in stream sediment and gossan samples) should be determined 
if orientation studies indicate that they can affect the selection of 
anomalous targets. Routine analysis of minor and major elements should 
be avoided as there is little value in knowing the iron content of a sample 
which contains no anomalous indicator elements. 'Re-analysis of samples 
containing significant concentrations of indicator elements for other 
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elements which could have a bearing on the interpretation of the 
analytical results is the recommended approach. 
d) The total and partial extraction of elements has already 
been discussed. Total extraction should be used for routine analysis, 
except for special cases indicated by orientation surveys where both 
methods should be used (see section 5.2.2.). Re-analysis of anomalous 
samples using partial extraction can often aid interpretation of geo-
chemical results. 
The selection of the type and number of elements to be determined 
has an important effect on the overall approach to a geochemical survey. 
Most private and commercial geochemical laboratories are capable of deter-
mining a wide range of elements, and the use of instrumentation capable 
of rapidmult~element determination is becoming increasingly popular. 
The routine use of multi-element analysis must, however, be evaluated in 
terms of cost, loss of precision and accuracy of determinations and the 
effect of the ability to generate large volumes of data on the approach 
to geochemical exploration . . 
5.3.2. Multi-element analyses of samples from high productivity 
regional geochemical surveys. 
The availability of a range of sophisticated analytical techniques, 
which can routinely analyse samples for a large number of elements to 
acceptable standards of preCision and accuracy at relatively low cost, 
has resulted in a trend towards the routine collection and multi-element 
analysis of large numbers of samples for geochemical mapping. The trend 
has been encouraged by the growth of computer technology and the increasing 
ability to manipulate large volumes of analytical results by computerized 
data analysis techniques, 
The effectiveness of regional geochemical mapping, based on high 
productivity sampling designed to utilize the advantages of rapid automatic 
methods of analysis and computerized statistical techniques, is subject t o 
severe limitations. Orientation studies on stream sediment samp ling for 
a regional geochemical survey in Northern Scotland (Plant, 1971) indicated 
that two major problems may be encountered: 
a) The procedural error could be too high to enable significant 
regional variation to be detected, other than in highly anomalous areas . 
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b) Variable bias introduced by 
could be enhanced and further obscure the 
secondary environment effects 
primary geochemical patterns. 
The major factors which contribute to these limitations include 
a) High productivity sampling from large areas is difficult to 
control and consequently the precision of field sampling is affected. 
b) The preparation of large numbers of samples for analysis 
may result in a loss of precision which could negate the accuracy and 
precision of the analytical technique. 
c) The logistics of the surveys require standardized procedures 
which limit the emphasis that can be placed on the geological and geomor-
phological' factors affecting primary and secondary geochemical dispersion. 
d) Orientation surveys can generally not be done in all the 
landscape situations present in the survey area and consequently the extent 
to which the samples are representative of the area from which they were 
collected is difficult to define and probably highly variable. 
e) The computerized evaluation of the analytical results -is 
often done without sufficient regard for the geological and geomorpho-
logical factors involved in the interpretation of geochemical surveys. 
High productivity regional geochemical surveys should, thus, be 
carefully considered before they are used for mineral exploration. 
Plant (1971) summarizes the approach that should be taken as follows: 
a) The identification of problems specific to the area to be 
investigated. 
b) The design of a system to enable error to be controlled 
adequately at the sampling and analysis stages. 
c) Prior confirmation that the regional variation is 
significantly greater than procedural error. 
The cost of computerized statistical analysis of large volumes 
of geochemical data, the time and cost involved in interpreting the 
generally complex relationships in multi-element data, and the commit-
ment to follow-up investigations of a large number of anomalies must be 
considered before a survey is undertaken. 
5.3.3. 
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The effects of analytical procedures with superior sensitivity 
and precision. 
The availability of analytical procedures which can determine 
very low concentrations of elements (e.g. in the lower parts per billion 
range) has increased the potential of geochemical exploration. The full 
realization of this potential is, however, dependent on the extent to 
which the following requirements are met: 
a) The ability to collect reliable and representative samples 
and to prepare the samples for analysis such that the analytical precision 
and sensitivity is not negated by the sampling procedures. 
b) A prior knowledge of the type of mineral deposit sought as 
well as the type and nature of the elements most likely to indicate the 
presence of the deposit. 
c) Sampling and analysis must be done with the objective of 
proving the existence of specific types of dispersion patterns which 
indicate the existence of a mineral deposit or indicate the potential 
of economic mineralization in an area. This requires that the geologi-
cal and geomorphological factors affecting the characteristics of 
geochemical dispersion patterns in an area are understood, and that the 
analytical and sampling procedures are adapted to take advantage of 
specific types of dispersion patterns. 
The advantage of increased precision and sensitivity has 
particularly affected the viability of lithogeochemical surveys which 
often require the detection of very low concentrations of elements .. 
The principals involved are illustrated by the study of the extent and 
shape of wall-rock anomalies associated with two low grade hydrothermal 
gold veins conducted by Bolter and Al-Shaieb (1971). The determination 
of Au, Ag, Cu, Pb and Zn from carefully prepared rock samples indicated 
that the wall-rock anomalies for Cu, Pb and Zn (easily determined path-
finder elements) are of limited extent, while the gold and silver 
anomalies are more extensive (Fig. 5.3). Bolter and Al-Shaieb 
conclude that tne precious metals might be useful for exploration 
if an accurate and sensitive analytical method (e.g. neutron activa-
tion) is employed. 
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Fig. 5.3. Wall-rock anomalies associated with a low 
grade hydrothermal gold vein. From Bolter 
and AI-Shaieb (1971). 
An overall approach to geochemical exploration which concentrates 
on the sensitivity and precision of analytical results is recommended. 
The approach has the advantage of forcing the people involved in geochemi-
cal exploration to evaluate the merits of every sample collected and 
analysed in relation to the objectives of the exploration effort. 
5.3.4. The selection of an analytical procedure for a geochemical survey. 
The choice of an analytical procedure depends on the objectives 
of the geochemical survey and on the geological and geomorphological 
factors affecting the primary and secondary dispersion of elements. 
The following factors should be considered when an analytical procedure 
is selected: 
a) The mode of occurrence of the elements in the material 
to be samples. 
b) The number and nature of the elements to be determined. 
c) The sensitivity and preCision required. 
d) The economics and logistics of the operation. 
Exploration companies with private geochemical laboratories 
should consider the affects of analytical procedures on the approach to 
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geochemical exploration when laboratory systems are purchased. The 
situation where the availability of a particular analytical proc.edure 
in the laboratory dictates the exploration philosophy should be avoided. 
Rapid multi-element analytical techniques and sophisticated computerized 
data handling systems are particularly prone to encouraging a. situation 
where the collection and analysis of large numbers of samples becomes 
the objective. The primary aim of locating an economic mineral depostt 
can easily be lost in a maze of analytical results. 
6.0.0. 
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THE PROCESSING AND PRESENTATION 
OF GEOCHEMICAL DATA. 
Fifth law of unreliability: 
"To err is human, but to really foul 
things up requires a computer." (Bloch; 1980). 
6.1.0. The Basic Concepts involved in data processing. 
6.1.1. The recognition of geochemical anomalies. 
Joyce (1976) defines an apparent geochemical anomaly as a chemical 
abundance or dispersion pattern which is not readil y explicable as having 
originated from barren rock types or their weathering products. The 
prefix "apparent" is genera 11y omi tted in practice. Abundances or patterns 
in geochemical data which have been proved to originate from mineralization 
are termed true geochemical anomalies, while those proved to originate from 
other causes are termed false geochemical anomalies. 
The recognition of geochemical anomalies essentially involves two 
related operations: 
1) The processing of analytical results, normally by the use of 
statistical techniques, in order to recognize samples with element concen-
trations which are not within the normal background concentration range 
for the material sampled. The definition of the normal background range 
requires the classification of samples into comparable groups on the basis 
of the geological and geomorphological factors affecting the interpretation 
of geochemical surveys (i.e. it is necessary to compensate for different 
background ranges associated with different rock types, weathering 
environments, etc.). 
11) The compilation of analytical and field data, normally by 
plotting element concentrations, ratios, etc., on geochemical maps together 
with relevant geological and geomorphological information. The compilation 
involves the synthesis of analytical and field data in such a way that 
patterns in the data which could indicate the presence of mineral deposits 
can be recognized.. The difficulty of recognizing patterns on raw data 
maps (e.g. figures plotted at sample locations on maps) requires the sub-
divi s ion of numerical data into meaningful classes which can be represented 
on the maps or diagrams, such that distribution patterns inherent in the 
data are enhanced. 
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The processing of geochemical data normally generates a number 
of apparent geochemical anomalies, most of which are false. The processing 
must thus include attempts to eliminate false anomalies based on an 
understanding of the causes of the false anomalies and on real differences 
between the characteristics of false and true anomalies defined by orientation 
studies. The use of Pb, In, Mn and Fe to prospect stream sediments for 
Pb-In sulphide mineralization in manganiferous, sparodically lateritized 
rocks in agricultural terrane (Joyce, 1976) is an example in which it is 
possible to discriminate: 
1) false In anomalies (e.g. fences, sheds, etc.) by the absence 
of associated Pb anomalies. 
11) false Pb anomalies (e.g . shotgun pellets, car batteries, 
etc.) by the absence of associated In anomalies. 
111) false Pb-In anomalies (attributable to scavenging by Mn and 
Fe enrichments) in which the abundances of Pb and In can'be predicted by 
regression against Fe and Mn contents, and 
1V) apparent anomalies in which Pb and In are both enriched and 
not explicable in terms only of scavenging by Mn and Fe. 
The attempts to recognize and explain false geochemical anomalies 
should be aimed at reducing the incidence of expensive follow-up operations 
on false anomalies, without eliminating apparent anomalies which cannot 
be shown to be false within objective and reasonable limits of doubt. 
It is important, however, that all the apparent geochemical anomalies 
defined by the data processing are followed-up. The anomalies should 
be ranked during the processing such that those most likely to be true 
anomalies are fol1owed-up first. The criteria which are applied to rank 
apparent geochemical anomalies are: 
1) favourable geological location. 
11) favourable size, shape and orientation. 
111) contrast characteristics which are compatible with contrast 
encountered by analogous sampling for analogous targets in analogous 
terrane. This does not mean that samples showing the highest apparent 
contrast are necessarily the most significant samples for follow-up. 
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6.1.2. The choice of data processing methods. 
The choice of a met hod to process the numerical and field data 
from a geochemical survey is dependent of three factors viz. the amount 
of data to be processed, the accuracy, precision and homogeneity of the 
analytical results and the expected contrast of true anomalies. 
a} The volume of analytical and field data to be processed. 
Geochemical surveys typically generate large volumes of numerical 
data. The use of descriptive statistics is the most objective and reliable 
method of condensing the numerical data and of extracting the information 
essential for interpretation. The amount of data to be processed should':ee 
estimated before a survey is undertaken so that statistical and other processing 
methods required to aid interpretation can be planned. The planned sampling 
design, analytical procedures and processing methods should be compatible. 
The numerical data generated by geochemical surveys done during 
routine exploration programmes can generally be most reliably and cheaply 
, processed by using simple statistical methods and maps compiled by the 
geologist responsible for the field work, who should also be responsible 
for the interpretation of the survey. The statistical calculations can 
be done manually, or by a computer ,directly linked to the analytical 
apparatus. 
Computerized data handling systems are necessary for projects 
involving multi-element analysis of very large volumes of samples. The 
systems include procedures for 'classification, storing, statistical 
analysis and compiliation of analytical results and field data (Fig. 6.1). 
A large variety of graphs and geochemical maps (if sample locations are 
digitized) can be easily generated by the computerized systems. The 
difficulty of quantifying the large range of geological and geomorpho-
logical factors affecting the interpretation of geochemical surveys 
is a major draw-back of computerized data processing systems. 
b} The accuracy and precision of analytical results. 
The sampling and analytical errors which affect the preci s ion 
and accuracy of analytical results cannot be corrected by statistical 
or other data processing methods, although a number of statistical 
techniques can be used to smooth the "noise" in numeri cal data . The 
sensitivity, precision and accuracy of the analytical results (see 
section 5.2.0.) is thus an important factor in the selection of a data 
processing technique. 
is of little value if 
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The use of sophisticated processing techniques 
the inherent error in the analytical results is such 
that it can mask the natural variations and patterns in the element 
concentration of samples, which are used to recognize apparent geochemical 
anomalies. 
Fig. 6.1. A rough flow chart'.0f a computeri zed 
data system, From Gustavsson in 
Kaurannee (1976). 
c) The expected contrast of true anomalies. 
The recognition of geochemical halos in which the indicator 
element abundance is only marginally higher than the normal background 
concentration is an important aspect of geochemical exploration. The 
expected contrast between background samples and anomalous samples should 
be established before routine sampling is undertaken. Simple data 
processing techniques are sufficient to recognize high contrast geochemical 
anomalies, but the chemical abundances and patterns indicating low contrast 
anomalies are difficult to recognize and tend to be masked by natural 
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variations unrelated to mineralization. The ability to recognize low 
contrast anoma lies can be improved by : 
1) Increasing the contrast of anomalous samples by the 
manipulation of the numerical data (e.g. the use of element ratios). 
11) Improving the precision and accuracy of analytical results. 
111) Selecting the sample medium and analytical procedure which 
gives the highest contrast. 
The recommended approach during geochemical surveys forming part 
of normal exploration programmes is to concentrate on improving the 
sampling and analytical aspects which can affect the recognition of low 
contrast geochemical halos. Sophisticated techniques of data maniPlulation 
shJuld only be used if the simple processing methods still fail to clearly 
define low contrast anomalies with improved sampling and analysis. 
6.2.0. The Statistical analysis of Geochemical data. 
6.2.1. Probability graphs. 
Probability graphs are a simple and effective method of analysing 
geochemical data in order to define stat istical features of the numerical 
data which can aid the interpretation of geochemical surveys. Various 
types of probability graphs can be used to: 
1) Recognize the existence of one or more populations in the 
data for each element. 
11) Separate the data for each element into its constituent 
populations and determine the threshold values which delineate these 
populations. The simplest case is the use of probability graphs to 
di st inguish mineralized samples from unmineralized samples. 
111) The type of statistical distribution of the data in the 
various populations can be determined (in practice it has been found 
that geochemical data is generally log-normally distributed)~ 
1V) The average value and an expression of the degree of 
variation around the average can be determined for the various populations. 
The common types of probability graphs used for the analysis of 
geochemical data are shown in Fig 6.2. The construction and interpretation 
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of the probability graphs is discussed by Lepeltier (1969), Sinclair (.1976) 
and Hatherley (1978). Some of the more important aspects are briefly 
discussed below, but the references cited should be consulted for detailed 
discussion. 
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Fig. 6.2. .Lognormal di stribution curves. (A) Hi stogram and frequency 
curve. (8) Lognormal distribution with concentration plotted 
on a logrithmic scale. (C) Cumulative frequency curve. 
(0) Log-probability cumulative frequency plot. 
From Lepeltier (1969). 
a) Classification of samples. 
The samples must be classified into homogeneous groups (e.g. on 
the basis of lithological units) and the analytical results from each of 
the groups of samples must be treated separately during statistical 
analysis. The groups of samples should be as large and homogeneous 
as possible in order to get more precise and reliable results, although 
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as few as 70 values can give meaningful probability graphs (Sinclair, 1976). 
b) The grouping of numerical data into class intervals. 
The correct grouping of numerical data for each element from a 
particular group of samples into class intervals is necessary for the 
construction of probability graphs. Too few class intervals result in 
the loss of important features of the populations distribution, while too 
many classes tend to give erratic distributions which mask the significant 
inflection pOints. Shaw (1964, quoted in Sinclair, 1976) recommends that 
the class interval used should be between 0,25 and 0,5 of the standard 
deviation of the data and that 15 to 25 class intervals are normally 
adequate for the statistical analysis of data. 
Fig. 6.3. 
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Example of a tally sheet for field use in preparing 
probability graphs. From Sinclair (1976). 
The appropriate interval for a set of geochemical data to be 
evaluated by the use of cumulative frequency curves can be estimated as 
follows (Lepeltier, 1969): 
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Log (interval) = ~ 
n 
where R = the ratio of the highest to the lowest value in the data. 
n = the number of class intervals (Lepeltier recommends the use 
of between 9 and 19 classes). 
Sinclair (1976, pp 84 - 86) describes a rapid method of grouping 
data into classes and calculating the frequency of occurrence in each class 
for the field application of cumulative probability plots. The method 
is based on the construction of a simple table (e.g. Fig. 6.3) by i: 
rounding-off the class interval calculated as above and setting up 
classes starting at an odd number to avoid the problem of value coinciding 
with class boundaries. 
c) The advantages of the various types of probability graphs. 
Hatherley (1978) tested the different methods of separating 
populations and determining threshold values in a set of geochemical 
data. He concluded that: 
1) The best methods of displaying geochemical data are by means 
of the log-probability cumulative plot or by 15 to 30 cell histograms which 
may be smoothed by the use of moving averages. 
11) The intermediate cumulative plots (e.g. Fig 6.2.) do not 
aid in the interpretation and the threshold values determined from them 
are often unreliable. 
11j) The mathematical approach to the separation of the constituent 
populations in a set of numerical data (Sinclair, 1976) is not always 
necessary. Graphical methods are generally sufficiently accurate, 
particularly if the inflection pOints are clearly defined. 
6.2.2 . Statistical methods based on the covariation of multi-element data. 
The sympathetic and antipathetic covariation of multi-element 
data can give added information for the interpretation of geochemical 
surveys. A variety of simple graphical and more complex mathematical 
methods can be used to determine and analyse the covariation of two or 
more variables. The use of the methods to aid the interpretation of 
geochemical surveys must be based on the recognition of natural 
relationships -in the geochemical data which can be used to indicate the 
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presence or absence of mineral deposits . The use and advantages of some 
of the more common methods, described by Joyce (1979, pp 79 - 88) are 
briefly listed below. 
a) Element ratios. 
Element ratios are a simple method of combining two or more variables 
into a single derivative variable. The use of element ratios can -be 
illustrated by the following examples: 
1) The determination of the ratios of trace and major elements 
which vary sympathetically in order to derive a combined distribution pattern 
(e.g. the ratio of Cu:Fe could be used to eleminate false anomalies caused 
by the scavenging of Cu by iron oxides). 
11) The ratios of target and pathfinder elements can be used to 
enhance anomalies associated with mineral deposits (e.g. ratios involving 
Ni, Cu, Co and Zn can be used to separate Ni anomalies associated with 
magmatic sulphides, which have high Ni, Cu, Co and low Zn, from false 
anomalies related to concentrations of Ni and Zn in the silicate minerals 
of ultrabasic rocks). 
111) 8eus and Grigorian (1977, chapter 5) describe the use of 
element ratios to interpret zoned lithogeochemical halos and predict the 
position of blind hydrothermal deposits. 
1V) Ratios of geochemically associated elements can be used to 
indicate the geochemical specialization of rocks (8eus and Grigorian, 
1977, pp 60 - 66). 
b) Discriminant analysis. 
Discriminant analysis can condense a number of variables into a 
single variable (discriminant score) which can be used to separate 
populations not readily divisible on the basis of single element data. 
c) Cluster analysis. 
Cluster analysis can be used to condense a confusingly large array 
of data into a simplified form in which similarites and even quite subtle 
dissimilarities of both samples and variables can be recognized. The 
simplest method of cluster analysis involves the construction of a 
scattergram to seek natural groupings of samples on the basis of two 
variables (e.g. Fig. 6.4.) 
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Fig. 6.4. Scattergram of Cu versus Ni showing three 
clusters of samples. From Joyce (1976). 
The use of more than three variables to determine clusters of 
samples can only be done mathematically. Q-mode cluster analysis calculates 
a linear distance function representing the amount 6f separation of two 
sample pOints in multidimensional space. R-mode cluster analysis reverses 
the roles of samples and attributes in order to define the covariation of 
the attributes (e.g. the covariation of Zn with other elements in multi 
-element data). The results of both Q- and R-mode cluster analysis are 
normally presented on a dendogram and their main applications in exploration 
are: 
1) Q-mode analysis to classify small batches of samples into 
natural groups (e.g. Fig. 6.5.). 
11) R-mode analysis of sets of control samples from a multi 
-element survey to establish the natural association of elements and 
thereby deduce the dispersion mechanisms involved. Indicator elements 
useful for portraying the distribution of various sample attributes 
(e.g. genetic types of mineralization, contamination, lithology types, 
etc.) may be recognized. 
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Fig. 6.5. Typical dendrogram derived by Q-mode cluster analysis. 
From Joyce (1976). 
d) Principal component and factor analysis. 
R-mode and Q-mode principal component and factor analysis are 
also mathematical techniques which can aid the interpretation of multi 
-element geochemical surveys . 
. 1) R-mode principal component analysis can be used to establish 
chemical variables which behave with sufficient similarity to allow their 
combination into a new variable (i.e . the principal component of variation). 
The method can be modified to classify samples by calculating principal 
component scores for individual samples relative to the new variables 
(i.e. the components of variation). 
11) Q-mode principal component analysis searches for .similarities 
-128-
between samples rather than elements by measuring the angles between pairs 
of samples plotted in multidimensional space. 
111) Factor analysis is derived from R- or Q-mode principal 
component analysis by rotating the principal component vectors in space 
according to some specified mathematical criterion designed to achieve 
a specified objective (e.g. maximizing the variance). 
e) Multiple regression analysis. 
Multiple regression analysis can be used to establish unique 
background concentrations for each sample collected in a survey by defining 
a linear equation which relates the abundance of indicator elements to 
easily measurable causes of variation (e.g. the abundance of Fe, Mn and 
organic scavengers, changes in pH, etc.). Discrepancies between measured 
and predicted abundances of indicator elements can be plotted on deviation 
maps which aid the recognition of geochemical anomalies unrelated to the 
. measurable causes of variation. 
6.2.3. The application of statistical procedures to aid the interpretation 
.,of geochemical data. 
The application of statistical methods in geochemical exploration 
whould be based on an understanding of the aims, constraints and results 
of the procedures in order to select procedures that satisfy the 
requfrements and objectives of the geochemical survey. In general, the 
simple statistical methods (e.g. probability graphs, scattergrams, regressions, 
etc.) should be used to aid the initial interpretation of geochemical data. 
The use of more complex statistical methods should be considered in situations 
where orientation work and experience indicate that the basic methods will 
not be capable of discriminating apparent anomalies from background or 
eliminating a satisfactory proportion of false anomalies. The selection 
of an appropriate statistical approach to aid the recognition of particular 
aspects of data, in the situations where basic statistics are considered 
inadequate, should be deliberately planned, in consultation with a competent 
statistician; before the routine sampling is undertaken. The potential 
usefulness of various statistical approaches to particular types of 
geochemical problems is illustrated by the references in the selected 
annotated bibliography compiled by Joyce (1976, pp ·100 - 114). 
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6.3.0. The Synthesis, Compilation and Presentation of Analytical and 
Field Data. 
6.3 . 1. Geochemical maps. 
The final interpretation of geochemical data always requires con-
sideration of the geographic and geological location of samples. Two aspects 
of the location of analytical results are important: 
1) The spatial distribution of analytical results can be used 
to recognize linear or areal variation trends in the data. 
11) The quality of the location of a sample with anomalous element 
concentrations can be evaluated by plotting the analytical results on maps 
showing relevant geological and geomorphological information compiled from 
field data. 
The advantages of location as an extra variable are best utilized 
by plotting geochemical maps. The type of map or diagram plotted is 
dependent on the characteristics of the analytical and field data available, 
but the basic types of geochemical maps, discussed below, are normally 
sufficient for the interpretation of geochemical surveys aimed at defining 
target areas at locating anomalies associated with individual mineral 
deposits. 
a) Geochemical base map. 
Geochemical surveys can only be successfully interpreted if the 
analytical results are considered within the context of the geological and 
geomorphological features of the exploration area for the following reasons: 
1) Mineral deposits of economic significance are produced by a 
favourable combination of geochemical and geological factors. 
11) Characteristics such as the size, shape, intensity and contrast 
of geochemical halos (and therefore the characteristics of geochemical 
anomalies) associated with mineral deposits are largely dependent on the 
local geological and tectonic setting (as discussed in section 2.0.0.). 
111) The characteristics of surficial geochemical dispersion 
patterns are dependent on the dynamic interaction of surficial processes 
controlled by a variety of environmental factors (as discussed in section 
3.0.0.). 
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The compilation of geochemical base maps which synthesize the 
geological and geomorphological factors affecting the interpretation of 
geochemical surveys should emphasize features relevant to the type and 
scale of the geochemical survey (e.g . the distribution of soil types is 
important for the interpretation of detailed soil survyes, but does not 
influence the interpretation of regional stream sediment surveys). The 
selection of the relevant information to be plotted on the maps must be 
based on: 
1) Orientation surveys. 
11) Geological and geophysical surveys forming part of the overall 
exploration programme. 
111) Theoretical considerations of factors such as the ore forming 
processes, element mobility, the tectonic and geological setting of mineral 
deposits, etc. 
b) Raw data maps. 
Analytical results (e.g. p.p.m. values for each element analysed) 
should be plotted adjacent to pOints representing sample localities on 
copies of geochemical base maps or on transparent overlays. Copies of 
raw data maps are useful for the compilation of coded geochemical maps 
and for use as field maps. The raw data maps are a good method of 
filing analytical results for future reference as numbers on lists of 
data are meaningless without a reference map. Computer filing should 
be considered if large volumes of analytical and field data are involved, 
but the system should make provision for recovering the information as 
raw data maps. 
c) Coded geochemical maps. 
Local populations and patterns are not conspicuous on raw data 
maps and particular ranges of geochemical values can be coded in order 
to make apparent geochemical anomalies and other patterns in the data 
easier to recognize by simple inspection of the maps. The selection 
of intervals for coding raw and processed (e.g. element ratios) geo-
chemical data should be based on meaningful subdivisions (e.g. the 
threshold values separating various populations in the analytical results) . 
The precision of the analytical results has an effect on the reliability 
of boundary values and is an important factor affecting the selection of 
meaningful ranges for coding geochemical maps (e .g. Table 6.1. and Fig. 6.6). 
Table 6.1. 
Increment 
100 
100 
100 
100 
100 
, 
f,. 
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Effect of analytical precision upon a range of concentration. 
From Viewing (1981). 
lOD 
Range + 10% - 10% 
50 - 150 55 - 165 45 - 135 
151 - 250 166 - 275 136 - 225 
251 - 350 276 - 385 206 - 315 
351 - 450 386 - 495 316 - 405 
451 - 550 496 - 605 406 - 495 
~N1~(.J fJ~ . 
!; 3~t 
.200 300 
c. -... 
Range 
45 - 165 
136 - 295 
226 - 385 
316 - 495 
406 - 605 
I 
.. ~ . ~.a.t.K.5IlJ/J~ t -li"UI..61,l. 
Overlap 
29 
49 
69 
89 
',. 
Soo 
Fig. 6.6. The effects of analytical precision on boundary values. 
From Viewing (1981). 
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The selection of a coding system depends on the type of geochemical 
survey, the sampling design and the scale of the geochemical maps. The 
coding systems that can be used to aid the interpretation of the more common 
types of geochemical surveys are : 
1) The coding of regional geochemical surveys is best accomplished 
by using symbols plotted at the sample pOints on geochemical base maps. The 
size and/or the design of the symbol is used to represent a selected concen-
tration range or processed data values (e .g. samples grouped by clu ster 
anal ysi s ) . The superimposition of the symbols on raw data overlays 
(i.e. maps on which the actual element concentrations are plotted) is 
recommended. 
11) The contouring of geochemical data is a useful aid to inter-
pretation as the contours emphasize patterns in the data. The inspection 
of shaded contour maps facilitates a mental moving averages analysis of the 
data (i.e. higher element abundances in areas of low background are easily 
recognized, even if the anomalous abundances are low compared to the total 
range of abundances encountered in the survey area). 
The sampling design, particularly the sample spacing and density, 
places limitations on the use of contouring to code geochemical maps . 
The method is best suited to aid the interpretation of detailed grid 
surveys in which the sampling density is sufficient to show the patterns 
sought and in which the analytical results are representative of the 
influence area of the samples. The contouring of detailed soil or 
lithogeochemical surveys can, thus, emphasize Important characteristics 
(e.g. size, shape and orientation) of geochemical anomalies associated 
with individual -mineral deposits, while the contouring of regional 
stream sediment surveys ca~ only delineate broad geochemical patterns. 
111) Computerized coding (e.g. grey shading, symbols, etc.) can 
aid the interpretation of broad geochemical patterns (e.g. lithological 
units ) in regional multi-element geochemical surveys. The coding can 
be used to depict a variety of computer derived values (e.g. element 
ratios, regional patterns smoothed by moving averages analysis, etc.). 
d) Line profiles. 
Line profiles (i.e. graphs depicting element abundance versus 
sample location) can be used to represent data on widely spaced traverses 
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with close sample spacing. The use of line profiles to replace other 
methods of depicting geochemical data on maps is not recommended as the 
profiles tend to emphasize variation in one direction only and areal 
patterns in the data are masked. Erratic line profiles are difficult 
to interpret (particularly between traverses). The tendency to smooth 
the graphs for easier plotting and interpretation can give a misleading 
impression of regular variations in element abundance. 
Line profiles, plotted as separate diagrams, are a useful aid for 
the interpretation of detailed stream sediment surveys as anomalous element 
abundances in the streams tend to decrease regularly with stream distance 
from the anomaly source. Background element abundances also tend to decrease 
regularly with distance downstream and regression lines or curves can thus 
be used to recognize anomalous dispersion trains. 
6.3.2. Conceptual geochemical model. 
The interpretation of geochemical surveys requires a system of 
evaluating the effect of the interaction of the lithosphere, hydrosphere, 
atmosphere and biosphere, during geological time, on the mobility and 
distribution of indicator elements in the surficial environment. Land-
scape geochemistry (Fortesque, in Bradshaw, 1975) offers a framework 
in which all the components of the surficial environment can be treated 
together. Landscape geochemistry involves the development of a three 
dimensional model of the surficial environment and the geochemical 
patterns developed under a defined set of conditions. Three classes 
of models viz. field level , tactical level and strategic level, can be 
constructed. 
a) Field level models include diagrams of landscape prisms, 
landscape sections and block diagrams drawn to scale on the basis of 
field observations. The aim of the models is to aid the interpretation 
of individual geochemical anomalies. 
b) Tactical level models are similar scale diagrams which have 
been generalized from field level models in order to clarify the display. 
The models should be used to synthesize data from a geochemical survey 
for presentation in reports. 
c) Strategic level models are landscape diagrams, not drawn to 
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scale, in which information from a number of sets of field data is 
generalized. The diagrams are used to emphasize the mechanisms of 
migration and factors controlling the use of geochemistry which are 
common to a particular type of landscape. 
6.3.4. The presentation of geochemical data. 
The presentation of geochemical data is primarily aimed at 
facilitating decisions on the follow-up of a particular geochemical 
survey. The presentation should, however, also aim to synthesize 
the geochemical data in a form that can be easily evaluated at a 
later stage under different circumstances and with additional infor~ 
mation. The following aspects of data presentation are important in 
order to achieve these aims: 
1) The major factors which affected the interpretation of the 
. data and influenced the selection of apparent geochemical anomalies should 
be clearly defined. 
11) The sampling, analytical and interpretation methods used 
should be indicated on maps and diagrams, and described in the report 
on the survey. 
111) The confidence limits placed on the interpretation should 
be clearly defined (e.g. the sampling and analytical precision must be 
indicated on geochemical maps). 
1V) The recommended follow-up procedures should be indicated. 
V) The maps, diagrams and reports should be easy to reproduce 
and should be meaningful when reproduced without requnring further work. 
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7.0 .0. CONCLUSION S AND RECOMMENDATIO NS 
Spencer's laws of data: 
"1. Anyone can make a decision given enough facts. 
2. A good manager can make a decision without enough facts. 
3. A perfect manager can operate in perfect ignorance." 
(Bloch, 1980). 
a) The geological and geomorphological factors responsible for 
natural variations of the geochemical characteristics of various t ypes of 
mineral deposits and the primary and secondary halos associated with them 
are the most important factors affecting the interpretation of geochemical 
surveys. Interpretation must thus be based on a thorough knowledge of the 
characteristics of mineral deposits, the geological and tectonic processes 
involved in their formation, and the tectonic, geological and geomorphological 
processes which alter the primary characteristics of the deposits. 
b) The deliberate planning and execution of geochemical surveys 
with the objective of locating a specific type (or types) of geochemical 
halo associated with a specific type of mineral deposit is essential for 
the successful interpretation of the survey. The geological, geomorpho-
logical and geochemical characteristics of the exploration area must be 
considered in order to select sampling and analytical procedures which 
can simplify the interpretation process and still achieve the objective 
of the survey . Orientation surveys are essential for the objective 
evaluation of the factors affecting the design and interpretation of 
geochemical surveys. 
c) Sampling and analytical errors, which affect the reliability 
of analytical results, are a major factor affecting the confidence with 
which geochemical surveys can be interpreted. The accuracy and preCision 
of modern analytical instrumentation, which are generally satisfactory for 
the purposes of geochemical exploration, can be negated by sampling errors 
in the field and the laboratory. Sampling errors can only be reduced by 
the use of field and laboratory techniques which concentrate on the 
qua l ity of each sample. High productive sampling programmes which 
concentrate on the collection of large numbers of samples by standardized 
procedures are not recommended as they tend to defeat the objectives of 
reliable sampling and analysis. 
d) The choice of indicator elements to be determined during 
routine analysis is a critical factor affecting the interpretation of 
geochemical surveys . The target elements and closely associated pathfinder 
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elements are the most reliable indicators of mineralization. The 
standardized use of multi-element analysis is not recommended as it avoids 
the deliberate evaluation of the best indicators of mineralization. The 
primary objective of discovering a mineral deposit can easily be lost in 
the maze of analytical results generated by high productivity multi-element 
surveys. 
e) The successful interpretation of geochemical surveys requires 
the synthesis of analytical and field data and information from geological 
and geophysical surveys forming part of the overall exploration programme. 
The selection and compilation of relevant information and the interpre-
tation of the geochemical survey should be done by field geologists 
intimately involved in the overall exploration project. 
f) Many of the geological, geomorphological, sampling and · 
analytical factors affecting the interpretation of geochemical surveys 
are applicable on a regional scale. The information and experience 
. gained from the empirical interpretation of individual geochemical surveys 
is, thus, a valuable asset to the exploration company and should be 
preserved for future use. Tactical and strategiC level conceptual 
geochemical models relevant to the operational areas of the exploration 
company are recommended as an economical and useful method of preserving 
the information and experience gained from individual geochemical surveys. 
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APPENDIX 1. 
RECOMMENDATIO NS FOR THE CONTROL OF ROUTINE ANAL YS ES ·IN THE 
GEOCHEMICAL LABORATORY Prof. K.A. Viewing (1981), 
Geochemical exploration course notes, Rhodes University. 
A series of standard control samples and blanks can be used 
to identify errors due to operators, instruments, reagents 
and contamination from other sources. Ideally, these samples 
are made from natural materials, rock samples or stream 
sediments from the areas in which prospecting is in progress. 
The sample should contain metals in the ranges which are 
expected to occur in prospecting. 
The standard control samples are made up according to the 
following recornrnendations:-
(i) 
(ii) 
(iii) 
(iv) 
(v) 
Determine optimum size fraction for analysis. 
Collect say 25kg of sample from an anomalous area 
and 25kg from a background area. 
Sieve this material and discard the oversize. 
Analyse the bulk high and bulk low samples 30 
times for each~ple. Obtain the arithmetic 
mean value. 'rhe spread of values for the high 
and the low sample should be less than ± 15% 
of the mean. 
Weigh proportions of the bulk high and low so as 
to obtain 10 samples. 
Sample No. 1 2 3 4 5 6 7 8 9 10 
Proportion high % 100 90 80 70 60 40 30 20 10 0 
Proportion low % 0 10 20 30 40 60 70 80 90 100 
(vi) 
(vii) 
Split the bulk high and low samples and mix the 
intermediate samples in a tumbling container, say 
a clean 10 litre or 20 litre polythene bottle, for 
2 hours until it is believed to be thoroughly mixed . 
Mixing can be achieved best by rolling and tilting 
end over end. 
Analyse these samples and ·plot according to Fig. 1 • 
All of the values should be less than ± 15% o£ the 
mean. 
(viii) Introduce these samples, not necessarily i~ order, at 
intervals of one control to 10 or 20 of the unknowns, 
so that at least one batch of 10 control samples is 
analysed each day, in addition to one blank sample per 
100 samples. 
(ix) Determine the analytical precision for the batch 
and report on the analytical results sheet with the 
data. 
(x) Repeat any batch of a.nalyses in which the control 
samples show a value of greater than ± 20%. 
mean of 30 a nalysis / 
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In addition, the analytical results of the control samples 
should be plotted on a control sheet as illustrated by Fig. 
2. One control graph is required for each element analysed 
in each sample. The results are plotted according to time at 
least twice daily or more frequently. 
Plt,ts of the type illustrated in Fig. 2 .. are normally 
arranged along the length of a wallboard, whereas those in 
Fig. 1. could be filed with the duplicate of the analytical 
results for a particular day and retained in the laboratory. 
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